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SUMMARY 
This  12-month synthesis and evaluation p r o g r a m  was  conducted to 
develop wide- t empera tu re  range lubricants  suitable for  use  in space vehicles 
par t icu lar ly  in the vicinity of nuclear r eac to r s .  Based on the extensive syn- 
thes i s  and evaluation p r o g r a m  of the f i r s t  y e a r ' s  effort ,  additional novel 
synthetic approaches resul ted in non-polymeric ,  l a rge  molecular  weight 
m a t e r i a l s ,  a l l  based on some  combination of siloxane and a romat i c  groups. 
Evaluation of these mater ia l s  indicated that 1, 3 -disubsti tuted,  
1, 1,  3 ,  3-tetramethyl-  and 1, 5-disubsti tuted-1,  1, 3 ,  3, 5, 5-hexamethyl-  
disi loxanes containing phenylthiophenyl substi tuents a r e  ex t remely  p r o m i s  - 
ing with r e spec t  to radiation stability, wide t empera tu re  range,  good 
lubrici ty ,  oxidation res i s tance  and additive acceptance$. 
This work d iscusses  the synthesis of fluids and desc r ibes  the equip- 
men t  and methods used  in evaluation, s o m e  of which were  specially designed 
fo r  this p r o g r a m  to evaluate mic ro  -quantities of the synthesized lubricants .  
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1. INT RO D U C  T ION 
P r i o r  to  1970 there  was no lubricat ive base  fluid whose c h a r a c t e r i s t i c s  
approached all those n e c e s s a r y  for the var ious sys t ems  of nuc lear  powered 
space  vehicles ,  such a s  the NERVA gimbal,  liquid hydrogen valves ,  pneu- 
m a t i c  control valves ,  pumps,  a l t e rna to r s  and genera tors .  The only chemi-  
cal  famil ies  possess ing  appreciable  radiat ion r e s i s t ance ,  the polyphenyl 
e t h e r s  and polyphenyls, have such high pour points that  they a r e  prac t ica l ly  
u s e l e s s  a t  low t empera tu res .  
display only a l imi ted  improvement  in low- tempera ture  proper t ies .  
opposite ex t r eme ,  the s i l i cones ,  with the widest  avai lable  t empera tu re  range  
( -  100°F to t550°F) ,  have very  poor lubrici ty ,  low radiat ion r e s i s t ance ,  and 
poor  additive acceptance.  Other synthetics and pe t ro leum oi ls  fall i n  between 
these  two ca tegor ies :  mine ra l  oils l ack  radiat ion r e s i s t ance  and t empera tu re  
range;  phosphate e s t e r s  lack  radiation r e s i s t ance  and h igh- tempera ture  
stabil i ty.  
Even the modified polyphenyl e t h e r s  (C - e t h e r s )  
At the 
F o r  the pas t  two y e a r s  Hughes h a s  been involved in synthesizing and 
evaluating new c l a s s e s  of nonpolymeric chemica l  compounds that combine 
the excellent low- tempera ture  proper t ies  and low volatility of s i l icones with 
high radiation r e s i s t ance  and good h igh- tempera ture  s tabi l i ty  of polyphenyl 
e the r s .  This  task  h a s  been accomplished by incorporat ing the  basic  s t r u c -  
t u r a l  fea tures  of both of the above types of lubricants .  
During the f i r s t  12 months of the synthes is  and evaluation p r o g r a m  
ove r  for ty  base fluid m a t e r i a l s  and in te rmedia tes  have been synthesized and 
purified; s e v e r a l  novel synthetic approaches have been developed; and two 
unique additives have been made. 
on s o m e  combination of si loxane and a r o m a t i c  groups.  
p r o g r a m  is descr ibed  i~ detai l  e lsewhere (Referesce  1 ). The p r e s e n t  r z p o r t  
encompasses  the descr ipt ion of the second y e a r ' s  effor t  to  m e e t  the modified 
environmental  and dynamic lubrication r equ i r emen t s  for nuclear  rocke t  
vehicle components ( see  Table 1 ), descr ib ing  the work accomplished under 
Cont rac t  No. NAS 8-25318 during the per iod of 15 May 1971 through 
15 May 1972. 
All of the synthetic m a t e r i a l s  a r e  based 
This  port ion of the 
The  p r i m a r y  objectives of the p r o g r a m  in this  per iod  w e r e  to: 
0 Provide  a t  l e a s t  one bearing oil and one valve g r e a s e  capable 
of withstanding the combined effects of space  and nuc lear  
r eac to r  environments  
0 Fully cha rac t e r i ze  the lubricants  submitted for final tes t ing,  
and demonst ra te  the i r  suitabil i ty for the intended applications.  
In the first y e a r ' s  effort  two famil ies  of fluids w e r e  investigated and 
found potentially capable of yielding fluids meet ing  the p r o g r a m  objectives.  
These  a r e :  
1 ,  3-disubsti tuted- 1 ,  1, 3, 3-tetramethyldisiloxanes 
bis [ 4- (3-substi tuted- 1, 1,  3 ,  3-tetramethyldisiloxanyl)aryl] e the r s .  
1 
Table 1. Nuclear rocket  vehicle component lubrication requi rements  
ENVIRONMENTAL 
1. 
2. 
3. 
1. 
2. 
3. 
Tempera ture :  -50  to  t500°F  
Medium: 
A i r ,  0 to  100 percent  re la t ive humidity 
Helium gas ,  d r y  
Hydrogen g a s ,  d r y  
Vacuum 
Radiation: 0 to l o l o  e r g s  g r a m - '  ( C )  
DYNAMICS 
T r u e  Contact S t r e s s :  
Mode for  gimbals and valves: 
Oscillation and hold under load: 
10 to  200 k s i  
Frequency: 
Velocity: 0 to 20  fps 
Life: 5000 cycles 
0. 001 to  5 Hz  
Mode for  rotating equipment: 
Start-up and continuous rotation velocity: 0 to 32, 000 
r Pm 
Life: 2 y e a r s  
The substihuted groups were  usually phenyl o r  chlorophenyl. 
low a s  - 35 F were obtained on non-volatile, rad ia t ion- res i s tan t  fluids 
(Reference 1 ). 
Pour  points as 
During the cu r ren t  period, f u r t h e r  introduction of novel synthetic 
approaches,  e .  g . ,  substitution of su l fur  for  the phenoxy group oxygen in 
1, 3-bis (3-phenoxypheny1)- 1, 1, 3 ,  3 -tetramethyldisiloxane and the eventual 
.* 
f 
2 
rep lacement  of the tetramethyldisiloxane “backbone” of the molecule with a 
hexamethyltrisi loxane linkage, has resul ted in a low pour point ( - 5 3 O F ) ,  rad i -  
ation stable lubricant with lubricity proper t ies  on a pa r  with those of a c o m -  
merc ia l ly  available polyphenyl ether (OS- 124). In addition, s eve ra l  new 
additives have been synthesized. 
It is generally recognized that in  a synthesis  r e s e a r c h  p rogram 
di rec ted  toward a commerc ia l  objective i t  is, indeed, difficult to de te rmine  
when the objectives have been satisfactorily m e t ,  unless  an outstanding can- 
didate is obtained. 
1, 1 ,  3 ,  3 ,  5, 5-hexamethyltrisiloxane i s  considered to be the outstanding candi- 
date capable of meet ing the requirements  s e t  for th  in Table 1. 
The  final fluid, 1, 5-bis [3 -(phenylthio)phenyl] - 
Selection of this fluid was aided by specially developed evaluation 
t e s t s  requir ing only micro-quantit ies of lubricant  samples .  
t e s t s  have been shown to be repeatable and to co r re l a t e  well with established 
t e s t  methods needing sample  quantities that m a y  su i t  the requi rements  of the 
evaluating technologist but far exceeding the capabili t ies of the r e s e a r c h  
chemist .  
These  spec ia l  
I 
Whenever applicable,  physical p roper t ies  of the Hughes fluids a r e  
compared  to  those of OS-124, which at this t ime is one of the m o s t  widely 
available radiation r e s i s t an t  commerc ia l  lubricants .  It was,  therefore ,  
selected a s  the baseline fluid of the cu r ren t  investigation. 
3 
2. CHEMICAL SYNTHESES 
The synthesis  effort  was a continuation of that  conducted during the 
previous p rogram.  Some of the compounds p repa red  this yea r  had a l r eady  
been made  previously,  and the new compounds w e r e  chemical ly  analogous,  
Usually the new compounds contained sulfur a toms  in place of some  of the 
oxygen a toms  of the or iginal  compounds. 
A. 1, 3 -Bis(aryloxyphenyl) - 1, 1 ,3 ,3  - te t ramethyldis i loxanes 
The f i r s t  compound prepared was HCP-1500, 1, 3-bis(3-phenoxy- 
phenyl)-1, 1, 3, 3-tetramethyldisiloxane (11). The method used is  shown below. 
/ 4 
/"'" 
CH3 CH3 
CH3 CH3 
Potas s ium phenoxide and m-dibromobenzene w e r e  condensed in the 
p r e s e n c e  of cupr ic  oxide to form 1- bromo- 3-phenoxybenzene. 
compound reac ted  with magnesium in te t rahydrofuran to  fo rm the Gr ignard  
reagent ,  which was t rea ted  with dimethyldichlorosilane in ethyl e the r  to fo rm 
(3- phenoxyphenyl )dimethyl chlor osilane (I). This  chlor osi lane was hydrolyzed 
with wa te r  in dioxane to the desired HCP-  1500 (11). The product  was purified 
by t r ea tmen t  with act ivated alumina and charcoal .  
The l a t t e r  
5 
1 
i 
I 
4-Chlorophenol was converted by potass ium hydroxide to the potass ium 
The  s a l t  was condensed with m-dibromobenzene in the  p r e s e n c e  of cupric  salt .  
oxide.  After refluxing the mixture ,  the product  1 -bromo-3-  
(4-~hlorophenoxy)benzene ,  w a s  isolated and dis t i l led.  
i ts  Gr ignard  r e a g e n t ,  3 - (4-chlorophenoxy)phenylmagnesium bromide .  Af te r  
this reagent  was added to an excess  of dimethyldichlorosi lane,  the mix tu re  was 
worked up, and the [ 3- (4- chlorophenoxy)phenyl] dimethylchlorosi lane (111) was 
disti l led.  
(4- ch1orophenoxy)benzene through the corresponding l i thium compound and 
react ion with dimethyldichloros ilane. 
in dioxane to give the des i r ed  H C P -  1600 (IV), which was shown by in f r a red  
spectrophotometry to  be identical  to the H C P -  1600 previously synthesized. 
This  was converted to 
Another batch of this  chlorosi lane was  made  f rom 1- bromo- 3- 
The chlorosi lane was then hydrolyzed 
In o r d e r  to de te rmine  the effect of mixing s i m i l a r  dis i loxanes on the 
melt ing points of the mixtures ,  s e v e r a l  blends of (3-phenoxypheny1)dimethyl- 
chlorosi lane ( I )  and [ 3- (4- chlorophenoxy)phenyl] dimethylchlorosi lane (HI) 
w e r e  p r e p a r e d  and  hydrolyzed to disiloxane mix tu res .  The mix tu res  contained 
The second of this  c l a s s  of compounds, HCP-1600, 
1, 3 -bis[3-(4-~hlorophenoxy)phenyl]-l, 1, 3,  3-tetramethyldis i loxane (IV), i s  
the chlorinated analog of HCP-1500.  
s tar t ing with 4-chlorophenol and m-dibromobenzene.  
I ts  synthesis  was c a r r i e d  out a s  before ,  
CH 3 
A - 1  1 .  Mg 
c1 (IV) 
c 1- 
6 
the symmet r i ca l  disi loxane 11, formed f rom 2 molecules  of chlorosi lane I 
plus wa te r ,  and the symmet r i ca l  disiloxane IV, formed f rom 2 molecules  of 
chlorosi lane I11 plus wa te r ,  along with the unsymmet r i ca l  disi loxane 
1 - (3-phenoxypheny1)- 3- [ 3- (4- chlorophenoxy)phenyl] - 1, 1, 3, 3- te t ramethyl -  
disi loxane (V),  fo rmed f rom 1 molecule of chlorosi lane I and 1 molecule  of 
chlorosi lane I11 plus water.  The amounts of 11, IV,  and V in the disiloxane 
mix tu res  depended on the amounts of the two chlorosi lanes  I and 111 in the 
o r  i ginal blends . 
CH3 CH3 
( V )  
I 
- o 0 o c 1  
Q O O S i - 0 -  I 
' I  
CH3 CH3 
Four  different  blends of the two chlorosi lanes  w e r e  hydrolyzed. 
were ,  on a m o l a r  bas i s ,  9 p a r t s  of I to 1 p a r t  of 111, designated HCP-C1500/ 
1600(9/1),  3 p a r t s  of I to  1 p a r t  of 111 (2 batches of this  blend were  p r e p a r e d ) ,  
designated HCP-C1500/1600(3/1), 3 p a r t s  of I to  2 p a r t s  of 111, designated 
HCP-C1500/1600(3/2),  and 1 pa r t  of I to  3 p a r t s  of 111, designated HCP-C1500/ 
1600(1/3). 
then purified by t r ea tmen t  with charcoal  o r  alumina. 
of  the products  a r e  given elsewhere in this  repor t .  
These  
The various blends were hydrolyzed with water  in dioxane, and 
The  physical p rope r t i e s  
B. 1, 3- Bis (arylthiopheny1)- 1, 1 , 3 ,  3- te t ramethyldis i loxanes 
The next s e r i e s  of compounds p r e p a r e d  var ied f rom those above in 
that  the oxygen a toms between the a romat i c  r ings w e r e  replaced by sulfur  
a toms.  The  fir  s t  of t hese ,  1, 3 -bis [ 3- (phenylthio)phenyl] - 1, 1, 3, 3- t e t r a -  
methyldisiloxane (VII),  HCP-  1800, is the sulfur-  containing analog of HCP-  1500. 
It was p repa red  by the following method: 
CH3 
I H2O 
Si-C1 7 
1.  Mg 
2. (CH3) SiC12 
2 
7 
CH3 CH 3 
CH 3 CH 3 
Sodium thiophenoxide was prepared by treating benzenethiol with sodium 
methoxide i n  anhydrous ethanol and then distilling the solvent.  
yield of the salt was obtained. 
refluxing the mixture  in bis(2-methoxyethyl) e t h e r  t o  f o r m  1-bromo-3 - 
(pheny1thio)benzene. 
in  te t rahydrofuran and added to an excess  of dimethyldichlorosilane.  
[ 3  - (phenylthio)phenyl]dimethylchlorosilane (VI )  thus formed was hydrolyzed 
in the usual manner  with water  in dioxane. The result ing product was  purified 
by chromatography on a neut ra l  alumina column to  a c l ea r  yellow liquid, which 
was  batch No. 1 of HCP-1800. Batch No. 2 of HCP-1800 was  prepared  in a 
similar manner .  Elemental  analysis and molecular  weight showed that neither 
of these batches was pure  HCP-1800, s o  the chlorosilane V I  was  made  once 
m o r e  by the s a m e  procedure and purified by distillation under very  low 
p res su re .  
A 9 9  percent  
I t  was  condensed with m-dibromobenzene by 
The Grignard reagent of th i s  last compound was  formed 
The 
A port ion of the dis t i l la te  was dissolved in dioxane and t rea ted  with 
water  in dioxane to  fo rm batchNo. 3. The disiloxane was washed with 
methanol and then purified by chromatography on a neut ra l  a lumina column. 
The  remainder  of the dis t i l la te  was  s imi la r ly  t rea ted  to  give batch No. 4. 
Both of these batches were  analyzed for e lemental  composition, and the 
ana lyses  indicated that the compounds were  pure.  
However,  the physical p roper t ies  of batch No. 3 and batch No. 4 were  
different,  even though the procedure  for  synthesis  was  a lmos t  identical. 
Hence, another  batch of the chlorosilane VI was  p repa red  and disti l led,  and 
it was  divided in three pa r t s .  
batches 5,  6, and 7 of HCP- 1800. Hydrolysis of VI t o  fo rm batch No. 5 was 
c a r r i e d  out a t  room tempera ture ,  while hydrolyses  to  fo rm batches 6 and 7 
w e r e  c a r r i e d  out at reflux tempera ture .  Nevertheless ,  batches 5 ,  6, and 7 
had the same physical p roper t ies  as  batch No. 4. T h e r e  is no obvious explana- 
tion for the different proper t ies  which batch No. 3 had, even though i ts  ele- 
menta l  analysis  agreed with the theoret ical  values for p u r e  HCP-  1800. 
These  w e r e  converted by hydrolysis to  
The  second compound in this series that w a s  synthesized was  
HCP-  1900, 1 ,  3-bis[3-(4-chlorophenylthio)phenyl] - 1, 1 ,  3 ,  3-tetramethyl- 
disi loxane (IX).  
containing analog of H C P -  1600. 
This is the chlorinated analog of HCP-  1800, and the su l fur -  
It was synthesized by the procedure  below. 
8 
c 
P 
( 
2. (CH3)2SiC12 
H2° cr 1. Me s Dsi I - c1 
CH3 (VI I I )  
c1 
C H 3  
The react ion of 4-chlorobenzenethiol with sodium methoxide in  ref lux-  
ing anhydrous ethanol gave sodium 4-chlorothiophenoxide in a l m o s t  quantita- 
t ive yield after removal  of the solvent. 
m-dibromobenzene. The react ion mix tu re  was  refluxed 41 hour s ,  and was  
worked up to  yield 1 -bromo-3 - (4-chloropheny1thio)benzene. It was  t rea ted  
with magnes ium in te t rahydrofuran to  give the Grignard reagent  and this  was 
then added to  an e x c e s s  of dimethyldichlorosilane.  
pheny1thio)phenyll dimethylchloro s ilane (VII I )  was isolated by distillation. 
The chlorosilane,  dissolved in dioxane, was hydrolyzed by wa te r  in  dioxane 
and the product,  HCP-1900, was purified by colum-n chromatography on 
neut ra l  alumina. Elemental  analysis showed it to  be  pure.  
This sa l t  was  then condensed with 
The 3 -[4-chloro- 
C .  1, 5-Bis(arylthiophenyl)-l, 1,3,3, 5, 5-hexamethyltrisiloxanes 
In o r d e r  t o  m e a s u r e  the effect on physical p rope r t i e s  of lengthening 
the cen te r  portion of the molecule to a t r is i loxane group,  the compound 
1, 5-bis[3-(phenylthio)phenylI-l, 1, 3, 3, 5, 5-hexamethyltrisiloxane (X),  
HCP-2800, was  synthesized b y  the procedure below. 
9 
1 Mg 
(CH ) SiClz 
3 2  
H2° 
CH3 I CH3 
I 
CH3 I 
C1 -Si - 0 -Si  - 0 -S i  - C1 
I I I 
CH3 CH3 CH3 
CH3 I ' CH3 CH3 I 
1 0 s  
I 
s -0- si-0- Si-o-si I 
CH3 CH3 CH3 
Partial hydrolysis of dimethyldichlorosilane by the procedure of 
Marvel  (Reference 2 )  gave, among other  chlorosiloxanes,  a 1 9  percent  yield of 
1,5-dichloro-l, 1,3,3,5,Fhexamethyltrisiloxane. This w a s  then t r e a t e d  with the 
Grignard reagent formed f r o m  1 -bronlo-3 -(phenylthio)benzene, which is  a l s o  
used i n  the synthesis of HCP-1800. A sma l l  excess  of Grignard reagent was 
used, because i t  was anticipated that it would be  e a s i e r  to remove byproducts 
of the reaction. 
excess  Grignard reagent to  phenyl sulfide) and purified by chromatographing 
t h r e e  t imes  on neutral  alumina columns to give batch No. 1 of HCP-2800. 
Three  other batches were  made by a similar procedure ;  the yields ranged 
upward f rom 87 percent. 
heated under vacuum to remove phenyl sulfide, it was  easy  to  demonst ra te  
(by odor)  that there  was  s t i l l  a fair amount of this contaminant in the var ious 
batches.  
0. 035 t o r r  to dis t i l l  out the phenyl sulfide a n d  other  relatively volatile byprod- 
ucts. 
The reaction mixture  was worked up ( this  converted the 
However, even though the m a t e r i a l s  had been 
Hence the var ious batches were  heated a t  130-150°C a t  approximately 
The amount of i na t e r i a l  which dis t i l led out var ied with the batch. 
D. Bis [4-(3-dryl- l ,  1, 3, 3-tetrarriethyldisiloxanyl)phenyl] E t h e r s  
Preparat ion of HCP-4270, b i s  [4-(3-phenyl-1, 1, 3, 3 - te t ramethyl-  
disiloxanyl)phenyl] e ther  (XIV), was ca r r i ed  out by one of the procedures  
used during the previous program.  
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1 .  Mg 
2 .  (CH3)2CiC12 1 
CH 3 
1 .  Mg 
2.  (CH3) SiC12 
2 
, S i - C l  
I 
CH3 
H2° 
'c 
(XIII) 
CH 3 CH 3 
CH3 I y 3  
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Phenyl  ether was brominated to  f o r m  bis(4-bromophenyl) e ther .  This 
was  converted to  the di-Grignard reagent  o r  the dilithium derivative,  which 
was  treated with dime thyldichlor o si lane to f o r m  b i s  [4 - (chlorodime thy1 si1 yl)  - 
phenyl] e ther  (XI). 
sodium salt of phenyldimethylsilanol (XIII). 
bromobenzene w a s  t reated with dimethyldichlorosilane in ethyl e the r ,  and a 
78 percent  yield of phenyldimethylchlorosilane was isolated. 
hydrolyzed in  the presence of bar ium carbonate to  keep the react ion mixture  
f r o m  becoming acid. The product, which was  thought t o  be phenyldimethyl- 
silanol, was  treated with sodium metal in refluxing toluene, but only a 
negligible react ion occurred.  It was then found that the hydrolysis  had  
formed 1, 3 -diphenyl- 1, 1, 3 ,  3 -tetramethyldisiloxane (XII) instead of the 
s i lanol ;  th i s  disiloxane will  not r e a c t  with sodium. However, s ince the 
disiloxane will  react with sodium hydroxide in boiling isopropyl alcohol t o  
f o r m  the sodium sal t  of phenyldimethylsilanol ( re ference  3 ) ,  the disiloxane 
was t r e a t e d  wi th  sodium hydroxide in a mixture  of isopropyl and methyl a lco-  
ho ls ,  and the sodium s a l t  (XIII)  was isolated.  
densed with the bis  [4-(chlorodimethylsilyl)phenyl] e ther  to give HCP-4270 (XIV) .  
However, difficulty was  encountered in preparing the 
The Grignard reagent f r o m  
This was  
The sodium salt was then con- 
A high molecular weight analog of HCP-4270, designated HCP-4270P 
(XV), was  synthesized for  testing as an  additive. 
below. 
The reactions are shown 
1. Mg 
2. ( CH3)2SiC12 
t . r e o +  B r  
I \--I 
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Bis(4-bromophenyl) e ther  was allowed to  react with magnesium in 
te t rahydrofuran  to  form the corresponding di-Grignard reagent ,  which w a s  
then t rea ted  with e x c e s s  dimethyldichlorosilane.  
(chlorodimethylsilyl)phenyl] ether,  was  isolated and hydrolyzed in  dioxane. 
Unfortunately, much heat was  evolved during the hydrolysis ,  and a lmos t  none 
of the des i r ed  polymer was  obtained. 
isolated,  it was  evident that  sciss ion of a ry l - s i l i con  bonds had taken place 
because of the high tempera ture .  
OOC, and the HCP-4270P was  isolated. 
found to  be 1108, which indicates that n in the above fo rmula  (XV) was  3 t o  4. 
The product,  bis [4- 
F r o m  the amount of phenyl ether 
The hydro lys is  was  therefore  repeated at 
The ave rage  molecu la r  weight w a s  
E. MISCELLANEOUS 
The compound 2,4,6-trichlororesorcino1 ( X V I )  was synthesized for 
The 
u s e  as an  additive. Resorcinol ,  dissolved in  g lac ia l  ace t ic  acid, was  t r e a t e d  
with excess  chlor ine until the product c rys ta l l ized  out of the mixture .  
c rude  product  was  purified by recrystal l iz ing it f r o m  aqueous ethanol. 
c1 
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3. SYNTHETIC PROCEDURES 
1-Bromo-3-phenoxybenzene (G1211-04) 
A solution of 157 g (1. 19 moles  ) of potassium phenoxide in 413 ml of 
It was  added b i s  [2-(2 -methoxyethoxy)ethyl] e ther  was  p repa red  by warming. 
with s t i r r ing  during 7 h o u r s  to  a mixture  of 559 g (2. 37 m o l e s )  of 
m-dibromobenzene, 13.6 g of cupric  oxide, and 177 ml of bis[2-(2-  
methoxyethoxy)ethyl] e the r  held at  210-215OC. 
at this t empera tu re  for  7 hour s ,  cooled, f i l tered with suction, and diluted 
with 2000 ml of benzene. 
aqueous potassium hydroxide solution, twice with 4 percent  aqueous sodium 
chlor ide solution, and th ree  t imes  with water .  It was dr ied  ove r  anhydrous 
potassium carbonate  and disti l led.  The fract ion boiling at 125-145OC at 4 t o r r  
was  redis t i l led,  giving 148 g (0. 594 m o l e )  of product  dist i l l ing at 105-110% 
at 1 t o r r .  
The mix tu re  was  then s t i r r e d  
The solution was  washed twice with 4 pe rcen t  
The yield was 50 percent  of the theoret ical .  
(3 -Phenoxyphenyl)dimethylchlorosilane (G1211-06) 
A solution of 74. 7 g (0.300 mole )  of 1 -bromo-3 -phenoxybenzene in  
ethyl e the r  was added slowly to 15. 0 g (0.62 g -a tom)  of magnesium. 
mation of the Grignard reagent  was init iated with a sma l l  amount of 
1 -iodobutane. 
and s t i r r e d  f o r  1 hour .  The solution was  decanted and added slowly to  122 ml 
(130 g,  1. 00  mole )  of dimethyldichlorosilane in e thyl  ether. 
separa ted ,  but disappeared when 500 ml of te t rahydrofuran was  added. Af te r  
the m i x t u r e  was  refluxed for  5 hours, the solvent and e x c e s s  dimethyldichloro-  
s i lane  w e r e  disti l led and the sa l t s  f i l tered off. 
145OC at 2-4 t o r r .  
the o r  e t ical .  
F o r -  
When the addition was completed, the mix tu re  was  refluxed 
A second phase 
The product  dist i l led at 120- 
The yield of 51. 7 g (0. 197 mole )  was 66 pe rcen t  of the 
1, 3 -Bis (3  -phenoxyphenyl)-1, 1, 3,3-tetramethyldisiloxane, HCP-1500 (G1211-09) 
A solution of 10 ml of water  in  30 ml of dioxane was  added dropwise 
with s t i r r ing  to  a solution of 23. 6 g (0. 0898 mole )  of (3-phenoxypheny1)- 
dimethylchlorosi lane in 100 ml of dioxane. 
and then the solvent and excess  water w e r e  disti l led at 3 t o r r .  The res idue  
w a s  dissolved in te t rahydrofuran,  decolor ized with charcoa l ,  d r ied  over  
potassium carbonate ,  and heated up t o  llO°C at 2 t o r r  to  remove  volatile 
m a t e r i a l .  The res idue  was  s t i r r ed  with neu t r a l  alumina and then with c h a r -  
coal,  and f i l tered once more .  
was  78 percent  of the theoret ical .  
The mix tu re  was  refluxed 3 hour s ,  
The yield of 16. 5 g (0. 0351 m o l e )  of product  
1 -Bromo-3-(4-chlorophenoxy)benzene (G1211-25) 
A solution of 252 g (1 .96  moles) of p-chlorophenol in 350 ml of 
e thanol  was t r e a t e d  with a solution of 129 g of 85 pe rcen t  pure  potass ium 
hydroxide (109. 5 g pu re ,  1. 96 moles )  in wa te r .  After  s t i r r i n g  for 
30 minutes ,  the solvent was distilled under vacuum until the  potassium 
15 
p-chlorophenoxide was d r y .  It was dissolved in  700 ml of 
b i s  - [ 2 - ( 2  -methoxyethoxy) e thyl]  e the r .  The solution was hea ted  to 11 5OC 
and added at this t empera tu re  during 3-4 h o u r s  to  a refluxing mix tu re  of 
867 .5  g (3.677 moles )  of m-dibromobenzene, 20  g of cupr i c  oxide,  and 
3 0 0  ml of b is  [2-(2-methoxyethoxy)ethyl] e the r .  
42 h o u r s  with s t i r r ing ,  cooled, and f i l tered.  The e x c e s s  m-dibromobenzene 
and the solvent were  disti l led f r o m  the f i l t ra te ,  a f t e r  which 303. 7 g 
(1. 071 m o l e s )  of l-bromo-3-(4-chlorophenoxy)benzene, disti l l ing at 150- 
158OC at 2 t o r r ,  and 58. 1 g (0 .  175 mole )  of 1,3-bis(4-chlorophenoxy)- 
benzene, dist i l l ing at 190-210°C at 2 t o r r ,  w e r e  obtained. The yield of the 
monochloro product was 55 pe rcen t  of the theoret ical .  
[3 -(4-Chlorophenoxy)phenyl]dimethylchlorosilane (G1211-31, F2783 -36) 
The mix tu re  was refluxed 
A solution of 141. 7 g (0. 500 m o l e )  of 1 -bromo-3-(4-chlorophenoxy)- 
benzene in anhydrous te t rahydrofuran was  added slowly to  12. 2 g (0.50 g -a tom)  
of magnesium. 
amount of iodoethane. 
3. 5 hour s .  
1. 23 m o l e s )  of dimethyldichlorosilane in  400 ml of anhydrous te t rahydrofuran  
over  1. 5 hours .  
was  continued f o r  2 hour s ,  after which the solvent and e x c e s s  dimethyldichloro-  
si lane w e r e  disti l led and the salts were  f i l tered off. 
175-185OC at 1 - 2  t o r r .  
the theoret ical .  
Formation of the Grignard reagent  was  initiated with a s m a l l  
The react ion s t a r t ed  slowly, but was  completed in 
The Grignard reagent  was added dropwise to  150 ml (160 g,  
The hea t  of react ion caused the mix tu re  to reflux. S t i r r ing  
The product  dis t i l led at 
The yield of 75. 8 g (0. 255 m o l e )  was 51 percent  of 
. 
In another  run, a cooled solution of 137 g (0. 483 m o l e )  of l -b romo-3-  
The 
(4-ch1orophenoxy)benzene in 500 ml of ethyl ether was  t r ea t ed  during 1. 5 h o u r s  
with 2 1 2  ml of 2. 28 Molar  n-butyllithium in ethyl e the r  (,Alfa Products ) .  
mix tu re  was  s t i r r ed  for 1 hour  at room t empera tu re ,  and then was  added to 
196 g (1. 52 m o l e s )  of dimethyldichlorosilane in  1500 ml of ethyl e ther .  
precipi ta te  formed and hea t  was  evolved. 
room t e m p e r a t u r e  and then was  f i l tered.  
dimethyldichlorosilane were  disti l led.  
4 t o r r .  
A 
The mix tu re  was  s t i r r e d  1 hour  a t  
The ethyl ether and e x c e s s  
The product  dist i l led at 175 -182OC at 
1, 3 -Bis  [3-(4-~hlorophenoxy)phenyl] -1, 1,3, 3-tetramethyldisiloxane, HCP-1600 
(F2783-36) 
The [ 3 - (4  -chlorophenoxy )phenyl] dimethylchloro s i lane above was  d i  s - 
solved in dioxane and added dropwise with s t i r r i n g  to  a solution of wa te r  in 
dioxane. 
solvent w e r e  disti l led under vacuum. 
was  separa ted .  
After  s t i r r ing  f o r  a while at room t e m p e r a t u r e  the e x c e s s  wa te r  and 
Mate r i a l  dist i l l ing up t o  2OOOC at 7 t o r r  
The res idue  was purified by t r e a t m e n t  with charcoa l .  
of (3  -PhenoxvDhenvlldimeth 
1. ( 9 / 1 ) .  A mix tu re  of 28. 1 g (0. 107 m o l e )  of (3-phenoxypheny1)- 
dimethylchlorosi lane and 3. 5 g (0. 01 18 m o l e )  of [3-(4-chlorophenoxy)- 
16 
. 
phenyl]dimethylchlorosilane in 100 ml of dioxane was  t rea ted  dropwise with 
s t i r r ing  with a solution of 20 ml of water  in 40 ml of dioxane. The mixture  
w a s  refluxed f o r  approximately 1 hour. The solvent and excess  wa te r  w e r e  
disti l led a t  3 t o r r .  The r e s idue  was dissolved in carbon te t rachlor ide  and 
t rea ted  with neu t r a l  alumina. The solvent was  then disti l led under vacuum. 
The yield of 25. 5 g of mixed disiloxanes w a s  90 percent  of the theoret ical .  
2.  (3 /1) .  A mixture  of 39. 3 g (0. 1495 mole )  of (3-phenoxypheny1)- 
dimethylchlorosilane and 14. 8 g (0. 0498 mole )  of [3 -(4-chlorophenoxy)phenyl]- 
dimethylchlorosilane was  dissolved in  dioxane, and a solution of 25 ml of 
water  in m o r e  dioxane was  added with s t i r r ing .  
overnight. 
r e s idue  was  dissolved in ethyl e ther  and benzene, washed s e v e r a l  times with 
wa te r ,  d r ied  over  anhydrous magnesium sulfate,  f i l tered,  decolorized 
s e v e r a l  times with charcoa l ,  and concentrated. The liquid was  finally 
f i l tered through activated charcoal. 
w a s  71 percent  of the theoret ical .  
The mix tu re  w a s  refluxed 
Mate r i a l  boiling up to  165OC a t  5 t o r r  was  disti l led off. The 
The yield of 34. 5 g of mixed disiloxanes 
3. (3/1) .  A mixture  of 16.6 g (0. 0632 mole )  of (3-phenoxypheny1)- 
dimethylchlorosilane and 6. 3 g (0.0212 mole)  of [3-(4-~hlorophenoxy)phenyl]- 
dimethylchlorosilane was  dissolved i n  50 ml of dioxane, and a solution of 
10 ml of water  in 30 ml of dioxane w a s  added with s t i r r ing .  The mixture  w a s  
refluxed f o r  30 minutes ,  and then the excess  wa te r  and dioxane w e r e  disti l led 
under  vacuum. 
through neut ra l  alumina. 
f i l t e r ed  through a f ibe rg la s s  f i l ter .  
was  77  pe rcen t  of the theoret ical .  
The residue w a s  taken up in carbon te t rachlor ide  and passed 
The yield of 15. 9 g of mixed disiloxanes 
After the solvent was disti l led,  the res idue  was 
4. (3/2).  A mixture  of 23. 7 g (0. 092 mole )  of (3-phenoxypheny1)- 
dimethylchlorosilane and 17. 8 g (0. 0599 mole )  of [3 -(4-~hlorophenoxy)phenyl]- 
dimethylchlorosilane was dissolved i n  30 ml of dioxane, and a solution of 
15 ml of wa te r  in  25 ml of dioxane w a s  added with s t i r r ing .  The mixture  was  
refluxed f o r  30 minutes ,  and then the excess  wa te r  and dioxane w e r e  disti l led 
under vacuum. 
through neu t r a l  alumina. 
f i l t e red  through a f ibe rg la s s  f i l ter .  
was  85  percent  of the theoret ical .  
The r e s idue  w a s  taken up in carbon te t rachlor ide  and passed 
The yield of 31. 8 g of mixed disiloxanes 
After the solvent w a s  disti l led,  the r e s idue  was  
5. (1/3) .  A mix tu re  of 6 .0  g (0. 023 mole )  of (3-phenoxypheny1)- 
dimethylchlorosilane and 20. 7 g (0. 0696 mole )  of [3 -(4-~hlorophenoxy)phenyl]- 
dimethylchlorosilane was  dissolved in  dioxane, and a solution of 25 ml of 
wa te r  in m o r e  dioxane was  added with s t i r r ing .  The mixture  w a s  refluxed for  
2 hours .  The r e s idue  
w a s  dissolved in e thyl  ether, decolorized with charcoa l ,  and the solvent w a s  
disti l led.  
the o r  e t  i c al. 
Mater ia l  boiling up to  185OC at 6 t o r r  w a s  disti l led off. 
The yield of 15. 0 g of mixed disiloxanes was 62 percent  of the 
Sodium Thiophenoxide (G12 11 -47) 
To a solution of 108 g (2. 00 m o l e s )  of sodium methoxide in 750 ml of 
absolute ethanol w a s  added 220 g ( 2 .  0 0  moles )  of benzenethiol. After  refluxing 
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with s t i r r ing  f o r  4 hours ,  the solvent was  disti l led under vacuum, leaving 
261. 5 g (1. 98 moles)  of white product.  
the o r  e t i c  a1 . 
The yield was 99  pe rcen t  of the 
I 
1 -Bromo-3-(phenylthio)benzene (G1211-08) 
A solution of 132 g (1. 00 mole )  of sodium thiophenoxide in  800 ml of 
bis(2-methoxyethyl) e the r  was added dropwise during 2 h o u r s  to a refluxing 
solution of 236 g (1. 00  m o l e )  of m-dibromobenzene in 200 ml of bis(2-  
methoxyethyl) e ther .  
into a l a r g e  amount of water .  
s e v e r a l  t i m e s  with water ,  decolor ized with charcoa l ,  d r i ed  ove r  potassium 
carbonate ,  and distilled. After unreacted m-dibromobenzene was  collected,  
the product  distilled at 157-160°C at 3 t o r r .  
of product was 46 percent  of the theoret ical .  
[3 -(Phenylthio)phenyl] dimethylchlorosi lane (G1211-19) 
The mix tu re  was  refluxed 22 h o u r s  longer ,  and poured 
The brown oil which separa ted  was  washed 
The yield of 121.5 g (0.458 mole )  
A solution of 115 g (0. 433 m o l e )  of l-bromo-3-(phenylthio)benzene in  
100 ml of te t rahydrofuran was added with s t i r r ing  during 3 h o u r s  to  17 g 
(0. 70 g-atom) of magnesium suspended in te t rahydrofuran.  
Grignard reagent  was initiated with a small amount of 1-iodobutane. 
s t i r r ing  f o r  3 hours  longer ,  the Grignard reagent  was decanted and added 
slowly during 
After  stir r ing overnight, the te t rahydrofuran and e x c e s s  dimethyldichlorosilane 
w e r e  disti l led.  
separa ted  by fi l tration. 
remove  volati le components f r o m  the product. 
the theoret ical .  
Format ion  of the 
Af te r  
2 hours  to  122 ml (130 g,  1. 00 mole )  of dimethyldichlorosi lane.  
Carbon te t rachlor ide  was  added, and the insoluble salt was  
The yield was  73 percent  of 
The f i l t ra te  was  then hea ted  up to  185OC at 3 t o r r  to  
1, 3 -Bis[3 -(phenylthio)phenyl] -1, 1, 3, 3 - te t ramethyldis i loxane,  HCP-1800 
(G1211-29, 43) 
T o  a solution of 41. 5 g (0. 149 mole )  of [3-(pheny1thio)phenyll- 
dimethylchlorosilane in 70 ml of dioxane was  added dropwise with s t i r r ing  a 
solution of 10 ml of wa te r  in 30 ml of dioxane. After  refluxing for  1. 5 h o u r s ,  
the e x c e s s  wa te r  and dioxane w e r e  removed under vacuum. The res idue  was  
washed with wa te r  and with methanol and then was  dissolved in carbon tetra- 
chloride.  
solvent was  evaporated under vacuum, and the res idue  was  f i l tered through a 
f ibe rg la s s  filter. 
of the theoret ical .  This  was batch No. 3. 
Th i s  solution was  passed through a column of neut ra l  alumina. The 
The yield of 28. 7 g (0. 0571 m o l e )  of product  was  77 percent  
In another  run, a solution of 20 ml of wa te r  in 25 ml of dioxane was  
added dropwise with s t i r r ing  to a solution of 27. 9 g (0. 100 m o l e )  of 
[ 3 - (phenylthio)phenyl]dimethylchlorosilane in 75 ml of dioxane. After  the 
mix tu re  was  s t i r r ed  f o r  1 hour  at room t empera tu re  and refluxed f o r  1 hour ,  
the e x c e s s  wa te r  and dioxane were  disti l led under vacuum. The res idue  was 
washed with wa te r  and with methanol, dissolved in  carbon te t rachlor ide  and 
passed  through two success ive  columns of neut ra l  a lumina.  The solvent was 
evaporated under vacuum, and the res idue  was f i l t e red  through a f ibe rg la s s  
. 
r, 
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filter. 
theoretical .  This was  batch NO. 4. 
The yield of 20.6 g (0. 0410 m o l e )  of product was  82 percent  of the 
Sodium 4-Chlorothiophenoxide (G1211-27) 
To a solution of 108 g (2.00 m o l e s )  of sodium methoxide in  750 ml of 
absolute  ethanol was  added 289.3 g (2. 00 m o l e s )  of 4-chlorobenzenethiol. 
After  refluxing with s t i r r ing  fo r  6 hours ,  the solvent was  disti l led f r o m  the 
product  under vacuum. 
1 -Bromo -3 - (4 - chlor  opheny1thio)benzene (G 1 2 1 1 - 28) 
A solution of 333 g (2. 00 moles )  of sodium 4-chlorothiophenoxide i n  
700 ml of b i s  [2-(2-methoxyethoxy)ethyl] ether was  added slowly during 4 h o u r s  
to  a refluxing solution of 944 g (4. 00 m o l e s )  of m-dibromobenzene in 800  ml 
of the same solvent. It 
was  cooled, diluted with 1000 ml of benzene, and washed twice with 4 percent  
aqueous sodium hydroxide solution, twice with 4 percent  aqueous sodium 
chlor ide solution, and th ree  times with water .  
m-dibromobenzene w e r e  distilled. The product dist i l led at 170- 175OC at 
2 t o r r .  
[3 - (4 -Chlorophenylthio)phenyl]dimethylchlorosilane (G 1 2  11 -34) 
The mixture was  refluxed with s t i r r ing  for  41 hours .  
The benzene and excess 
The yield of 350. 2 g (1. 169 m o l e s )  was  58 percent  of the theoretical .  
A solution of 150 g (0. 500 mole )  of 1 -bromo-3-(4-chlorophenylthio)- 
benzene in 500 ml of anhydrous te t rahydrofuran was  added slowly to  12.2 g 
(0. 50 g-a tom)  of magnesium. 
with a small amount of iodoethane, and was  completed in 6 hours .  
w a s  then added t o  122 ml (130 g,  1. 00 mole )  of dimethyldichlorosilane in 
te t rahydrofuran.  
and te t rahydrofuran were  distilled, and the salts w e r e  f i l tered off. 
dist i l led at 195-205OC at 3 t o r r .  
cent of the theoretical .  
Format ion  of the Gr ignard  reagent  was  initiated 
The reagent  
Af te r  s t i r r ing  for  an  hour ,  the excess  dimethyldichlorosilane 
The product  
The yield of 57. 6 g (0. 184 mole )  was 37 p e r -  
1, 3-Bis[3-(4-chlorophenylthio)phenyl] -1, 1, 3, 3-tetramethyldisiloxane, HCP-1900 
(G1211-42) 
To a solution of 57.6 g (0. 184 m o l e )  of [3-(4-~hlorophenylthio)phenyl]- 
dimethylchlorosilane in  100 ml of dioxane was  added dropwise with s t i r r ing  a 
solution of 20 ml of water  i n  25 ml of dioxane. After refluxing for  1. 5 hour s ,  
the excess  water  and dioxane were removed under vacuum. The res idue  was  
washed with methanol  and then dissolved in carbon te t rachlor ide.  This so lu-  
tion was  passed  through a column of neu t r a l  alumina. 
evaporated under vacuum, and the res idue  was  f i l tered through a f iberg lass  
f i l t e r .  The yield of 42. 1 g (0. 0736 mole )  was  80 percent  of the theoret ical .  
1, 5-Dichloro-1, 1, 3 ,  3, 5, 5-hexamethyltrisi loxane (G1211-44) 
The solvent was  
A solution of 53 g (2. 94 moles)  of wa te r  in 60 ml of dioxane was  added 
dropwise with s t i r r ing  during 2 hours  to  a solution of 750 g (5.81 moles )  of 
dimethyldichlorosilane in 750 m l  of anhydrous ethyl e ther .  The solution was  
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then disti l led through a short Vigreux column to  sepa ra t e  the solvents.  
h igher  boiling ma te r i a l  was  then redis t i l led through a 16 -inch V i g r e u  
column. 
1, 1, 3, 3-tetramethyldisiloxane) weighed 136.6 g (0.672 mole) ,  and the f rac t ion  
disti l l ing a t  174-178OC at 760 t o r r  (1,5-dichloro-1,  1, 3, 3, 5, 5 -hexamethyl t r i -  
si loxane) weighed 76. 7 g (0. 277 mole) .  
23 percent  of the theoretical ,  and the yield of the t r is i loxane was  19  pe rcen t  
of the theoret ical .  
The 
The fraction distilling at 136-140°C at 760 t o r r  (1, 3-dichloro-  
The yield of the disiloxane was  
1 ,  5-Bis [3  -(phenylthio)phenyl] - 1, 1, 3 ,  3, 5, 5-hexamethyltrisiloxane, HCP-2800 
(G1211-58) 
A solution of 115. 8g (0. 437 mole )  of l-brom0-3-(phenylthio)benzene 
in 500 ml of anhydrous te t rahydrofuran was added slowly t o  10.6g (0.436 g -  
a tom)  of magnesium. Format ion  of the Grignard reagent  was completed in 
approximately 5 hours.  
t o  a solution of 57. 7g (0.  208 mole )  of 1, 5-dichlorohexamethyltrisiloxane in 
500 ml  of anhydrous te t rahydrofuran.  
cooled, and t rea ted  with wa te r  (heat was evolved). 
organic  phase was  removed by heating under vacuum. 
solved in carbon te t rachlor ide and p a s s e d  through a column of neu t r a l  a lumina.  
The solvent was  evaporated under vacuum, leaving 108. 5g (0. 188 m o l e )  of 
product,  batch No.  3 .  The yield was  90 percent  of the theoret ical .  
The reagent  was then added dropwise over  1. 5 h o u r s  
The mix tu re  was  refluxed 2 hours ,  
The solvent  in  the 
The res idue  was  d i s -  
Batch No. 3 and batch No. 4 w e r e  combined and heated up t o  15OoC at 
0. 035 t o r r .  The residue, dissolved in carbon te t rachlor ide ,  was  passed  
through a column of neut ra l  alumina, after which the solvent was  evaporated 
under vacuum and the product  was  f i l t e red  through a f r i t t ed  g l a s s  filter. 
B i s (4  - br  omoDhenv1 I E the r (F 2 7 83 -6 7 1 
Phenyl e ther  (50 g,  0. 2 9  m o l e )  in one d ish  and bromine (105 g,  
0. 66 mole)  in another d i sh  were  placed in  a des icca tor  lef t  open to the a tmo-  
sphere .  Af te r  3 days a t  room t empera tu re  all the bromine  had disappeared.  
The c rude  product was taken out of the des icca tor  and left  at room t e m p e r a -  
t u r e  overnight.  
The yield of 92 g (0. 28 mole)  was  97 pe rcen t  of the theoret ical .  
B i s [4 - (chlor  od ime thy1 s i lyl)  phenyl] E the r (G 12 1 1 - 3 2, F 2 78 3 - 5 3) 
After recrys ta l l iza t ion  f r o m  hexane it melted at 59 -6OOC. 
Bis(4-bromophenyl) e the r  (164 g,  0. 500 m o l e )  was  converted to  the 
d i -Gr ignard  reagent  by refluxing 5. 5 hour s  with 24. 3 g (1. 00 g -a tom)  of 
magnes ium in anhydrous te t rahydrofuran.  
soluble in the solvent, and the mix tu re  was  added with difficulty during 
2 hour s  to  150 ml (160. 5 g ,  1. 244 m o l e s )  of dimethyldichlorosi lane in t e t r a -  
hydrofuran.  
was  added to  facilitate removal  by f i l t ra t ion of the inorganic  salts. 
f i l t ra te  was  then fractionated. 
0. 065 t o r r .  
The d i  -Gr ignard  was  only par t ia l ly  
The te t rahydrofuran was  dis t i l led off and carbon te t rachlor ide  
The 
The product  dist i l led at 145-153OC at 
The yield of 55. 0 g (0. 155 mole )  was 31 pe rcen t  of the theoret ical .  
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T o  78. 7 g (0. 24 mole)  of bis(4-bromophenyl) ether in 500 ml of ethyl 
e the r  w a s  added 220 ml of 2. 28 Molar n-butyllithium (0. 50 mole) (Alfa), 
After  s t i r r ing  f o r  2 hours ,  the reaction mixture  was  added to  1 2 9  g (1. 00 mole )  
of dimethyldichlorosilane in  e t h y l  ether. White solid separa ted  quickly. 
After  s t i r r ing  and refluxing fo r  s eve ra l  hours ,  the liquid was  decanted and 
the excess  ethyl e the r  and dimethyldichlorosilane w e r e  disti l led.  
dist i l led at 23OOC at 9 t o r r .  
The product 
Phenyldimethylchlorosilane (G1211-05) 
A solution of 157 g (1. 00 mole )  of bromobenzene in ethyl ether was  
added to  36. 5 g (1.50 g-a tom)  of magnes ium with s t i r r ing  and refluxing ove r  
4 hours .  The Grignard reagent  was then added to  366 ml (390 g,  3.00 moles )  
of dimethyldichlorosilane in ethyl ether and the mix tu re  w a s  refluxed fo r  
1. 5 hours .  The solvent was  distilled, the solids were  f i l tered off, and the 
filtrate w a s  disti l led.  
yield of 134 g (0. 785 mole )  of product was  78 percent  of the theoret ical .  
The product boiled at 196 to  203OC at 760 to r r .  The 
1, 3-Diphenyl-1, 1,3,3-tetramethyldisiloxane (G1211-13) 
A solution of 20 ml of water  in 40 ml of dioxane was  added dropwise 
with s t i r r ing  t o  51. 3 g (0. 301 mole) of phenyldimethylchlorosilane in 80 ml 
of dioxane. 
2 hour s ,  and distilled. The product boiled at 135-145OC at 3 to r r .  The 
yield of 32 g (0. 11 mole )  was  74 percent  of the theoretical .  
The mix tu re  was  s t i r r ed  2 h o u r s  at room tempera tu re ,  refluxed 
Phenvldimethvlsilanol Sodium Salt (G1211- 161 
To a solution of 8 g of sodium hydroxide in 70 ml of isopropyl  alcohol 
and 30 ml of methyl  alcohol was  added 28.6 g (0. 100 mole )  of 1, 3-diphenyl- 
1, 1, 3, 3-tetramethyldisiloxane. 
during the addition. 
and then concentrated by heating to  115OC. 
t r ea t ed  with 5 ml of methyl  alcohol and concentrated by heating to  14OOC at 
15 t o r r .  The res idue  was  dissolved in toluene, heated t o  boiling, f i l tered,  
and concentrated under vacuum. 
(0. 163 mole) ,  o r  81 percent  of the theoretical .  
Bi s [4-( 3 -phenyl - 1, 1, 3, 3 -tetr amethyldisiloxanyl)phenyl] Ethe r ,  
The  t empera tu re  w a s  held at 40 to  5OoC 
Three times the res idue  was  
The hot  solution was  f i l tered to  remove  sodium carbonate ,  
The yield of viscous oil  was  28.4 g 
H C P  -4270 (G1211- 18) 
A mix tu re  of 58. 0 g (0. 163 mole )  of bis[4-(chlorodimethylsilyl)phenyl] 
ether, 56. 9 g (0. 327 mole )  of phenyldimethylsilanol sodium salt, and 325 ml 
of dioxane was  refluxed 6 h o u r s  with s t i r r ing ,  f i l tered,  and concentrated by 
disti l lat ion.  The residue was  t reated with neut ra l  a lumina  and charcoal .  
T h e  yield of 85. 7 g (0. 146 mole )  of product  was  90 pe rcen t  of the theoretical .  
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Poly [oxy (dime thy1 s ilylene ) - 1 , 4  - phenyleneoxy - 1 , 4  - 
Ishenvlene(dimethvlsilvlenel1, HCP-4270P (G1211-46A) 
A solution of 17. 0 g (0. 0478 mole )  of bis[4-(chlorodimethylsilyl)phenyl] 
e ther  in 100 ml of dioxane was  cooled in an ice  bath. 
with s t i r r ing  a solution of 10 ml of water  in 25 ml of dioxane. 
f o r  1 hour ,  the mixture  was  left  overnight a t  room tempera ture .  
was  removed under vacuum. The residue was  dissolved in carbon te t rachlor ide 
a n d  passed through a column of neutral  alumina. 
under vacuum, leaving 9. 9 g (0. 033 mole )  of ve ry  viscous material. 
yield was  6 9  percent of the theoretical .  
To  it was  added dropwise 
After s t i r r i n g  
The solvent 
The solvent was  evaporated 
The 
2, 4, 6-Trichlororesorcinol  (G1211-24) 
A rapid s t r eam of chlorine g a s  was passed into a s t i r red solution of 
The 150 g r a m s  (1. 36 moles )  of resorc inol  in 625 ml of glacial  acet ic  acid. 
solution became quite warm and da rk  red,  but then the color gradual ly  
lightened. After several  hour s  the reaction was  stopped. Crys t a l s  which 
separated on standing overnight were  fi l tered off, recrystal l ized twice f rom 
water ,  and then decolorized in aqueous ethanol. The yield of white c r y s t a l s  
was  91. 7 g r a m s  (0.430 mole) ,  o r  32 percent  of the theoretical .  
2 2  
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4. EVALUATION 
A .  LUBRICANT DESIGNATION 
The code for  designating the Hughes synthesized lubricants  is printed 
below because ce r t a in  molecular s t r u c t u r e s  have been found a t t rac t ive  and 
ce r t a in  o thers  will  probably never be used again. 
r eason ,  the code presented herein differs  significantly f r o m  that es tabl ished 
in Reference 1. 
Due prec ise ly  to this 
1. The  f i r s t  t h r e e  le t te rs  (HCP) indicate a Hughes material synthe- 
s ized for  the Engineering Phys ic s  Branch of NASA-ASTN-MEL. 
2 .  The first digit indicates the chemical  family: 
1 - l t3-disubst i tuted-  1 ,  1,3,3-tetramethyldisiloxanes 
2 - 1,5-disubsti tuted- 1,1,3,3,5,5-hexamethyltrisiloxanes 
3 - bis [4- (3- substituted- 1 ,  1,3,3-tetramethyldisiloxanyl)aryl] 
thioethers  
4 - bis  [4- (3- substituted- 1 ,  1,3,3-tetramethyldisiloxanyl)aryl] 
e the r s  
3. The second digit designates the R1 group indicated in  var ious 
s t ruc tu ra l  formulae.  S imi la r ly  the third digit designates the 
R2 group ( i f  different f r o m  R1).  
ing numer ica l  designations : 
Both groups will u s e  the follow- 
0 = none (hydrogen a tom)  
1 = not in  use  
2 = phenyl 
3 = chlorophenyl 
4 = 2 , 4 -  di(4- ch1orophenoxy)phenyl 
5 = 3-phenoxyphenyl 
6 = 3-(4-~hlorophenoxy)phenyl 
7 = 1,4-phenylene 
8 = 3-(pheny1thio)phenyl 
9 = 3-(4-  chloropheny1thio)phenyl 
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4. 
5.  
The fourth digit was  originally r e se rved  to  designate blends 
formulated with a par t icu lar  chemical  (additive). Although 
numerous additives have received attention i n  the present  pro-  
g r a m ,  none has  been singled out as  a p r i m e  candidate for  a 
specific additive function. F o r  sake of s implici ty ,  therefore ,  
each blend is designated without the use of the fourth digit ( o r  
m o r e  precisely,  the digit "0" is used throughout) but with the 
inclusion of the type and weight percent  of the additive in  
question. 
The le t ter  P appearing a f t e r  the fourth digit designates a poly- 
m e r i c  mater ia l  der ived f rom the type of fluid descr ibed  by the 
first three HCP digits. 
Examples  of the coding sys t em a r e :  
HCP- 1500 1, 3-bis(3-phenoxyphenyl)-l, 1, 3, 3- te t ramethyl-  
dis  iloxane . 
HCP- 1600 1,3-bis[3-(4-chlorophenoxy)phenyl]-l, 1, 3, 3-  
tetrame thyldis iloxane . 
HCP-4270 bis  [4-(3 -phenyl- 1, 1, 3 ,  3 -tetramethyldisiloxanyl) - 
phenyl] e t h e r  . 
HCP-4270P poly[oxy(dimethylsilylene)- lt4-pheny1eneoxy- 1 ,4 -  
phenylene (dimethylsilylene )] 
The compounds that have been synthesized by Hughes during the 
second y e a r ' s  e f for t  a r e  l i s t ed ,  with the i r  s t r u c t u r e s ,  in  Appendix 11. 
B. PURITY 
The p r imary  objective of the first y e a r ' s  effort  was  to p repa re  the 
The s t r u c -  
g r e a t e s t  possible  number of synthetic combinations in  o r d e r  t o  es tab l i sh  
the effects of various substi tuent groups on fluid pour  points. 
t u r e s  and purity were confirmed by inf ra red  spectroscopy only. 
purification methods did not include vacuum dis t i l la t ion of the in te rmedia tes ,  
the product obtained w e r e  necessar i ly  impure ,  and w e r e  not consis tent  f rom 
one batch to the next. Note tha t  in  the p a s t  it was  decided not to d is t i l l  these  
intermediates  p r io r  to the final s tage of synthesis because of concern  that 
they would decompose a t  the high t empera tu res  requi red  even a t  reduced 
p r e s s u r e s  (1-5 t o r r ) .  
Since the 
During the second y e a r ' s  synthesis  work,  however ,  s ince bas i c  
synthesis methods became well  established and familiar, a l l  of the compounds 
w e r e  prepared  to analytical purity as  shown by e lementa l  ana lyses .  
s t r u c t u r e s  w e r e  established by in f r a red ,  as  well  as nuc lear  magnetic reson-  
ance spectroscopy.  
Thei r  
Essent ia l ly  a l l  o f  the in te rmedia tes  and final products 
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-2 w e r e  purified by high-vacuum ( 2 - 3  x 10 
chromatography on neutral  alumina. 
c losely monitored f o r  constant refract ive indices. 
t o r r )  dist i l lat ions and column 
The  d is t i l l a tes  and f i n a l  products w e r e  
1. Elemental  A n a  lyses 
A comprehensive compilation of e lemental  analysis  data on nearly 
a l l  of the HCP fluids is presented in Table 2.  
The data in Table 2 indicate that 
1. 
2. 
3 .  
4. 
The key s t ep  in  improving the puri ty  of these  fluids (with the 
exception of HCP-2800 and HCP-4270) is the careful  high- 
vacuum dis t i l la t ion of the chlorosilane intermediate .  Note the 
d rama t i c  improvement in the accu racy  of the values f rom HCP- 
1500, Batch No. 1 to  Batch No. 3 (although a l l  of these batches 
still contain s o m e  high-molecular weight, i f  not polymeric  
m a t e r i a l ) ,  f r o m  HCP-C1500/1600 (3 /1 )  Batch No. 1 to Batch 
No.  2 and f r o m  HCP-1800, Batch N o s .  1 and 2 to Batch Nos .  4, 5, 
6 and 7.  In fact, the preparat ive procedure  has  become s o  
effective that the f i r s t  a t tempt  to  synthesize HCP-1900 ( the last 
product in a series of synthesized disubstituted te t ramethyl  
dis i loxanes)  has  immediately resul ted in a chemically pure  
product,  as shown i n  Table 2 e lementa l  ana lyses  and 
N. M. R.  spectroscopy (F igure  1-2). 
The r a t h e r  difficult synthesis and poor per formance  cha rac t e r -  
i s t i c s  of HCP-4270, coupled with the fact  tha t  the analyses  do 
not cor respond to  those of the theoret ical  s t r u c t u r e  have elim- 
inated th i s  compound f r o m  f u r t h e r  considerations.  
The analysis  of the HCP-4270P polymer indicates that  approxi-  
mately 4 monomer  units are  linked together  to f o r m  each  molec-  
u l a r  chain. 
The ex t remely  low volatility of the dichlorosilane intermediate  
of the hexamethyltrisiloxane HCP -2800 did not p e r m i t  even high- 
vacuum dis t i l la t ion,  due,  again,  t o  concern ove r  decomposition 
even at -2 x 10-2 t o r r  p r e s s u r e s .  
purification resulted in  a cer ta in  degree  of "impurity,  with the 
possible presence  of te t ras i loxanes and, perhaps ,  s o m e  even 
higher  homologs. In addition, during synthesis  of HCP-2800, 
a considerable  amount of phenyl sulfide is generated in s ide  
reac t ions ,  Phenyl  sulfide can ,  however ,  be  effectively removed 
f r o m  the final products by high vacuum dis t i l la t ion and fur ther  
by ultra-high vacuumdegassing of -5 x 10-5 t o r r .  Incidentally, 
this  compound is the prevalent  high-volatility "Contaminant" in 
all o f  the thioether siloxane fluids and r a t h e r  eas i ly  detected by 
its c h a r a c t e r i s t i c  odor, even in t r a c e  quantit ies.  
This lack of intermediate  
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Table 2. Elemental  analyses  of H C P  fluids 
C 1% C o m p o u n d  
I les igna t ion  
B a t c h  
No. 
t h e o r y  
1 
2 ( 1 )  
3 
t h e o r y  
1 
t h e o r y  
1 
2 
S "r" C 7" 
7 1 . 4  
6 5 . 7 5  
6 7 .  12 
6 5 . 6 5  
70. 75  
6 4 . 3 7  
6 0 . 6 3  
6 8 . 9 1  
6 1 . 2 5  
6 8 . 6 1  
Si% 
1 1 . 9  
13. 0 3  
13. 83  
1 4 . 0 4  
I O .  6 3  
HT" 
6.  38 
5. 88  
6 .  01 
5.  88  
6 .  16 
Mol. W t .  
470  
6 2 4  
5 4 0  
560 
529 
FlCl'. 1500 
I I (  1 ' -1500  
l l ( : l ' -  1500 
I ICP-  1500  
11C l ' - ( :  1 5 0 0 1  1600 ( 1 / 3 )  
I I C P - C  1 SOO/lbOO ( I  / 3 )  
I I C P - C  1500/1600 ( 3 / 1 )  
FICP- C; I 5 0 0 /  1600 ( 3 / 1 )  
IjCF-C: I 500 / 1600 ( 3  / 1 ) 
5 . 5 1  
5 . 6 2  
6 .  11 
6 .  50  
6 .  40  
I O .  75  
1 2 . 7 8  
11 .51  
1 6 . 0 6  
1 1 . 5 0  
10. 18 
9. 8 0  
3. 6 3  
4 . 4 5  
3. 91 
522  
556 
4 8 8  
5 5 0  
5 0 3  
H C P -  I600  
H C P -  1600 
t h e o r y  
1 
6 2 . 4  5 . 2  539  1 0 . 3 8  
1 1 .  17 
14. 13  
1 1 . 6 6  
6 .  15 
5. 5 8  
1 1 . 4 4  
1 1 . 2 1  
1 1 . 4 5  
13. 15 
€ I C P -  1800 
I ICP-  1800 
HC.P- 1800 
I ICP-  1800 
1ICl'- 1800 
FICP- 1800 
H C P -  I800  
H C P -  I R O O  
t h e o r y  
1(1) 
2 (  1 )  
1 
2 
3 
4 
5+6+7 
66.  8 8  
60.  85 
6 3 .  13  
6 8 . 6 5  
70. 86 
6 7 . 0 8  
6 6 . 8 0  
66 .  92 
6 . 0 1  
5 .  82 
5 . 9 7  
5 . 3 4  
5 . 5 9  
5 . 7 3  
5 . 8 9  
6 .  00  
1 2 . 7 5  
12 .82  
1 5 . 6 6  
1 2 . 8 0  
1 2 . 6 0  
1 2 . 5 7  
5 0 3  
556 
5 04 
377  
333  
49 1 
4 8 8  
5 1 7  
H C P -  1900 
HCP-  1900 
t h e o r y  
1 
5 8 . 8 2  
5 8 . 8 8  
4 . 9 4  
5. 23  
9.  82  
1 0 . 0 2  
11 .22  
1 0 . 9 1  
1 2 . 4 0  
1 2 . 3 5  
572  
562  
t h e o r y  
1 
2+3+4 
6 2 . 4 5  
6 0 . 0 1  
6. 29 
6 .  8 0  
1 4 . 6 0  
1 7 . 4 1  
1 1 . 1 1  
1 0 . 2 7  
577 
587  
642 
H C P -  2800 
I I C  P- 2 800 
I ICP-2800 
H C P - 4 2 7 0  
H C P -  42 70 
I I C P - 4 2  7 0 P  
~ 
6 5 . 4 7  
5 8 . 4 3  
6 1 . 6 9  
587  
42 3 
1108 
t h e o r y  
2 
1 
19. 14 
19. 1 6  
7 . 2 1  
6 . 4 1  
6. 72 
("Dupl ica te  v a l u e s  w e r e  obtaiiled l o  a s s e s s  t h e  r e p e a t a b i l l t y  of t h e  m e t h o d .  Both  v a l u e s  a r e  r e p o r t e d .  
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. 2 .  Spectroscopy 
I. R .  and N. M. R.  spectroscopy have proved invaluable in determining 
the s t r u c t u r e  and confirming the purity of the compounds in  question. A 
Beckman IR-5 in f r a red  spectrophotometer  and a Var ian  Model No. A-60 
N.  M. R. spec t romete r  were  utilized in obtaining the s p e c t r a  combinations of 
se lec ted  fluids before  and a f t e r  i r radiat ion,  shown in Appendix I. 
t ion,  s e v e r a l  facets  of synthesis  and evaluation s t eps  were  monitored by 
spec t roscopic  methods (e. g . ,  batch uniformity of the HCP-2800 fluid, identi-  
fication of the volatile products  in vapor p r e s s u r e  and evaporation r a t e  
m e a s u r e m e n t s ,  e tc .  ). 
In addi-  
Examination of these  figures c l ea r ly  indicates that  I. R. spectroscopy 
is far f r o m  adequate in determining e i ther  puri ty  o r  s t r u c t u r a l  changes,  
espec ia l ly  where no pure  s tandards a r e  available.  Although the p re sence  of 
the requi red  cha rac t e r i s t i c  bands, e .  g . ,  the  b road  siloxane band f rom -1020 
to 1100 cm-1 ,  the silicone-phenyl band a t  -1110 c m - l ,  the meta-subst i tuted 
a romat i c  band at -750 c m - l  and the mono-substi tuted a romat i c  band a t  
-690 cm-1 ,  is the p r i m e  prerequis i te  fo r  the c o r r e c t  s t ruc tu re ,  N. M. R. 
spec t roscopy i s  needed f o r  the f ina l  s t r u c t u r a l  determinat ion.  
requis i te  in mind, the following observat ions can be made  by examining the 
f igures  presented  in Appendix I, F igu res  1-1 through 1-17. 
With this p r e  - 
1. Nei ther  puri ty  no r  s t ruc tu ra l  change effects  can be detected with 
cer ta in ty  between batches of the same compound or  a f te r  i r r a d i a -  
tion of any given product by I.R. alone. Since all of the s p e c t r a  
were  obtained between salt c r y s t a l s  with var iab le  sample  thick-  
n e s s ,  interpretat ion of any relat ive changes in  band intensi t ies  is 
difficult. 
nea r ly  all c a s e s .  
At any rate ,  these  changes appear  to be negligible in 
2. N.  M. R. spectroscopy is not nea r ly  as dependent on the ava i l -  
abi l i ty  of s t anda rd  spec t ra  as in f r a red  spectroscopy.  On bas i c  
theore t ica l  considerations alone one would expect only two cha r  - 
a c t e r i s  tic peaks with pu re  disubsti tuted siloxanes : one at t r ibutable  
to the a romat i c  protons at 6 2: 7. 0 and the other  due to  the methyl  
protons of the disiloxane group upfield, quite c lose  to the TMS 
( te t ramethyls i lane)  re ference  peak at 6 = 0. 
This  cha rac t e r i s t i c  peak a r r a n g e m e n t  i s  indeed found with the 
pu re  batches of HCP-1800 and H,CP-1900 ( s e e  Appendix I, F ig-  
chemica l  s t r u c t u r e  of t hese  prepara t ions .  
however ,  that  the third batch of HCP-1800 which displays r a the r  
good e lementa l  analytical  r e su l t s  ( s ee  Table  2 )  i s  in  fact  a mix- 
t u r e  (mos t  likely a n  i s o m e r  and homolog mix tu re ) ,  as indicated 
by the two upfield multiplets ( s ee  Appendix I ,  F igure  1-8). 
Actually, the presence of this s e t  of two mult iplets  i s  c h a r a c t e r -  
i s t i c  not only of the " impure"  batches (No.  1, 2 and 3 )  of HCP-  
1800 (note: no vacuum disti l lat ion of the chlorosi lane intermediate  
I 
l u r e s  1-10  and 1-12),  posit ively confirming the puri ty  and c o r r e c t  
It i s  a l so  evident, 
I 
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performed) ,  but  with the HCP-1500 ba tches ,  and all batches of 
HCP -2800 ( spec t r a  of the phenyl sulfide-contaminated f i r s t  batch 
and the final product  a r e  shown in F igu res  1-14 and 1-16 of 
Appendix I). It should be noted, again,  that  no vacuum dis t i l l a -  
tion of the HCP-2800 chlorosi lane in te rmedia te  i s  pe r fo rmed  
during synthesis .  It will  be shown l a t e r  that  the formation of 
mixtures  has  a profound effect  on the pour point of a given fluid. 
I 1. Descr ipt ion of the Apparatus and T e s t  Method 
One of the difficulties assoc ia ted  with development of low - t empera tu re  
ae rospace  lubricants is the lack of  suitable definition of low- tempera ture  
flowing cha rac t e r i s t i c s .  
accordance  with ASTM method D 9 7 )  i s  r a t h e r  inconvenient for u se  in tes t ing 
exper imenta l  quantities of  low pour -point products ,  because  
The long-establ ished Cloud and P o u r  Poin t  T e s t  ( in 
3 .  Very  little change in fluid s t r u c t u r e  due to i r rad ia t ion  i s  indicated 
by N .  M. R .  
multiplets can not be definitely in te rpre ted  on the non- i r rad ia ted  
products themselves  a t  this t ime  (i. e . ,  t hese  mult iplets  could 
a r i s e  f rom non-equivalence through s t e r i c  effects ,  due to some  
unexpected s t r u c t u r a l  changes in the siloxane linkage that  o ther  - 
wise do not affect  the r e su l t s  of e lementa l  ana lyses ,  o r  to the 
presence  of s o m e  higher si loxane homologs)  determinat ion of 
radiation damage i s  confined to the quali tative,  visual  obse rva -  
tion of the var ia t ions in mult iplet  spli t t ing only. 
Since the unusual spli t t ing of the methyl  proton 
4. The relative peak a r e a s  were  integrated only in the c a s e s  of pure  
products ,  e .  g . ,  HCP-1800, Batch N o s .  4, 5, 6, and 7 and HCP-  
1900, Batch No.  1. Due to the frequent  malfunctioning of the 
NMR integrator ,  integration was accomplished by the "paper doll" 
method (prepar ing  copies of the s p e c t r a ,  cutting out the r e s p e c -  
tive peaks fo rms  and weighing the sec t ions ) ,  and in one c a s e  
( see  Appendix I, F igure  1-8)  by machine integration. In the 
c a s e s  of the pu re  compounds,  integrat ion conf i rms  the p re sence  
of 18 a romat ic  and 12 methyl  protons (HCP-1800) and 16 a romat i c  
with 12 methyl protons (HCP-1900) with fair accuracy .  
integration of F igure  1-8 (HCP-1800, Batch No. 3 )  i s  not i n t e r -  
p re t ed  due to the p re sence  of the mult iplets .  
P e a k  
In ce r t a in  cases ,  e . g . ,  with HCP-2800 (Batch No. 1)  which w a s  
i r r ad ia t ed  while contaminated with phenyl sulfide ( s e e  Appendix I, F ig-  
u r e s  1-14 and 1-15),  the relat ively l a rge  a romat i c  proton peak a r e a  (as c o m -  
p a r e d  to that of the methyl  proton p e a k ( s ) )  c l ea r ly  indicated the phenyl sulfide 
contamination. 
dis t i l led batches of HCP-2800 (F igure  1-16).  
This peak a r e a  i s  reduced in the c a s e  of the final, vacuum 
C .  POUR POINT 
1. -60 ml of product  i s  r equ i r ed  for the t e s t .  
significantly s m a l l e r  quali t ies w e r e  avai lable  for charac te r iza t ion .  
More often than not 
2. The repeatabil i ty of this method is  *5OF, the reproducibil i ty 
between labora tor ies  i s  *1O0F. At  low t e m p e r a t u r e s  (below 
-40°F) the accuracy  is fu r the r  reduced by increased  difficulty 
in observing the pouring tendencies  through the rapidly icing 
pour point j a r  wall. 
venting the deposition of f rozen  a tmospher ic  m o i s t u r e  on the 
outer  sur face  of the jar is in d i r ec t  contradiction of the prescr ibed  
t e s t  conditions. The or ig ina l  and maintenance cos t s  of a 
mult i -wel l  pour  point appara tus  are high. On the other  hand, the 
cost  of a single well  appara tus  i s  low and the bath t e m p e r a t u r e  
adjustment is simple: testing, however,  is  very  time consuming, 
s ince only a single determination can be per formed at any one 
time. 
Any at tempt  at improving visibil i ty by p r e -  
During the f i r s t  yea r  of the p rogram,  modified pour point tests w e r e  
per formed in a single well  Cloud and Pour  T e s t  Apparatus  (in accordance  
with ASTM Method D97), whenever 30 ml of the fluid was  available. These 
tests were  per formed in weighing bot t les  (used as pour point j a r s  as wel l  as 
i r rad ia t ion  and s torage  containers).  The amounts  used w e r e  approximately 
half  of that prescr ibed  by ASTM D97-57, but the I. D. of the container was  
the same (1-3/16 inches).  
on the pour point value, t h r e e  determinat ions w e r e  m a d e  on nonirradiated 
OS-124 using an ASTM jar and the requi red  quantity of oil. 
the  pour point was  t40°F. 
te  s t p ro  ce d u r  e. 
In order  t o  establish the effect of reduced volume 
In all three c a s e s  
The s a m e  value was  obtained using the modified 
Since all the products of this p r o g r a m  w e r e  initially synthesized in  
even smaller quantit ies,  a decision was  made  later to  uti l ize a "freezing 
point" o r  melting point tes t .  
g l a s s  capi l lary and the capi l lary was  t ied either to the bulb of a low- tempera ture  
t h e r m o m e t e r  o r  to a thermocouple. 
lowered into a t r anspa ren t  Dewar f l a sk  filled with a solvent o r  solvent mixture .  
The sys t em was  cooled to  within a pre-determined t empera tu re  range o r  until 
the product f roze.  
de tec t  the point of crystall ization. 
The liquid product  was  heat-sealed in a small 
The the rmomete r  (thermocouple) was  
The capillary was  observed with a magnifying g l a s s  t o  
At  this  time the en t i r e  system was  permit ted to w a r m  up through heat 
conductance f r o m  the surroundings.  
observat ion to detect  the melting point. 
The product remained under  constant 
Exper iments  indicated, however, that the families of fluids r e p r e  - 
sented by HCP-1500 and HCP-1800 do not a s s u m e  a crystal l ine la t t ice  on 
freezing,  but  r a t h e r  they vitrify. Stationary aliquots of these  and similar 
compounds do not exhibit any visible sign of crystal l izat ion,  o r  o ther  phase 
change (e. g . ,  haz iness )  o r  glassification. 
method of s ta t ionary freezing -melting point determination, therefore ,  could 
not  be utilized with confidence. 
capi l lary,  charged with the frozen fluid, was  inverted and re-at tached to  the 
t h e r m o m e t e r  bulb; the bulb was  then warmed  and, on melting a t  the capi l la ry  
g l a s s  /product interface,  the downward movement  of the s t i l l - f rozen c o r e  was  
observed.  
The capi l lary m i c r o - s a m p l e  
This method was  modified so  that a sealed 
In many  cases ,  however, due perhaps  to  the high sur face  tension 
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of the fluids and the back-p res su re  of the air plug, the c o r e  movement  was  
ex t r eme ly  slow. In some ins tances  it was  even non-existent,  espec ia l ly  i f  
the  d i ame te r  of the capi l lary was too small .  
During the second y e a r ' s  effor t  these  difficult ies prompted the develop- 
ment  of a h i ther to  unreported micro-sample  pour point method. 
p e r m i t s  observation of the "melting" of vitr if ied fluids,  and c o r r e l a t e s  well  
with the pour point (ASTM Method D97).  
The method 
Essent ia l ly ,  the desolidification t empera tu re  of a product  was  d e t e r -  
mined by (1) rapidly freezing a small, predetermined amount of the liquid to  
the side of a small tes t  tube, t o  f o r m  a frozen drop;  
of the charged,  stoppered tubes,  tied ver t ica l ly  to  the low-temperature  
thermometer ,  into a t r anspa ren t  Dewar cold bath brought t o  a t e m p e r a t u r e  
below the expected desolidification point; and ( 3 )  measur ing  the t e m p e r a t u r e  
when the d rop  f ront  had moved a prede termined  d is tance  as the bath was 
warmed  up. The  sample m a y  be  fully r ecove red  a f t e r  the tes t .  
tes t ing p rocedure  is  p resented  in Appendix 111. 
( 2 )  immers ing  duplicates 
The detai led 
The b a s e s  f o r  the validity of the new method a r e  consti tuted by the 
following assumptions : 
1. 
2. 
3 .  
4. 
The large rate of change in  viscosi ty  during the melt ing p r o c e s s ,  
coupled with the effect  of grav i ty  on the l a rge ,  mel t ing drop,  are 
the controlling f ac to r s  in drop-front  movement  on a ver t ica l ly  
positioned, clean g l a s s  surface.  
The change in the sur face  energy  of g l a s s ,  and the degree  of 
wetting by the fluid as functions of gradual ly  increas ing  t e m p e r -  
a t u r e  (especially in the low-temperature  range  of i n t e re s t )  affect  
short-dis tance f ront  movement  much l e s s  than viscosi ty  change. 
These  factors  m a y  b e  neglected in view of the fac t  that the fluid 
fami l ies  under study tend to exhibit  similar wetting behavior  on 
g l a s  s. 
Rapid freezing of fluids that c rys t a l l i ze  on f r eez ing  can 
significantly affect  the apparent  f reez ing  (or  mel t ing)  point and can 
lead to  e r roneous  r e su l t s .  The same cannot be s ta ted with f luids  
that vitrify, s ince  no o rde r ly  p r o c e s s  of molecu la r  movement  to 
a definite c rys ta l l ine  la t t ice  i s  involved. 
The effect of the hydrated g l a s s  su r face  m a y  b e  neglected,  s ince 
no hydrolysis ,  and consequently no significant change in  su r face  
tension of the subject  f luids,  can occur  due to  the i r  hydrolytic 
stability. At any ra te ,  as s ta ted e a r l i e r ,  the d e g r e e  of wetting is  
considered to be a minor  factor  in ve r t i ca l  d r o p  movement.  
3 0  
. 
In o r d e r  t o  prove  the soundness of the above discussion, a cor re la t ion  
study was conducted using OS-124, FS 1265 (300 cs ) ,  a low-pouring f luoro-  
s i l icone) ,  HCP-1500 Batch No. 2,  and HCP-2800 Batch Nos .  3 and 4. The 
pour point da ta  obtained i n  accordance with the new method and p e r  ASTM D97 
(Pour  Point)  a r e  presented  in Table 3. The da ta  indicate a ve ry  sa t i s fac tory  
cor re la t ion ,  even on cooling the bath to t empera tu res  considerably below the 
expected pour point. 
Note that s ince good correlat ion was  establ ished between this new 
method and ASTM Method D97 and, on "melting", the droplet  f rozen  to  the 
s ide of the s toppered t e s t  tube ( immersed  in a warming cold bath) s imply 
begins to  flow (to "pour") down the s ide of the g lass ,  the test is aptly des ig-  
nated as a modified pour -point determination and, hereaf te r ,  will be  r e f e r r e d  
to  as such. 
Table  3. New pour point method correlat ion study 
P roduc t  
OS-124 
OS-124 
FS-1265 
FS - 1265 
HCP-1500 
(Batch No. 2) 
H C P  - 15 00 
(Batch No. 2) 
H C P  -2800 
(Batch No.  3 and 4) 
HCP-2800 
(Batch No. 3 and 4) 
Initial Bath 
Temp. ( O F )  
30 
10 
-80 
-60 
-20  
-40 
-80 
-6 5 
Modified 
P o u r  Poin t  
( O F )  
39 
41 
-50 
-52 
-9 
-7 
-56 
-57 
P o u r  Point  
( O F ) *  
40 
40 
-55 
-55 
- 10 
- 10 
-55 
-55 
::Per ASTM Method D97. Initial bath t empera tu re  well  above pour 
point. Repeatability of this  method is  considered to  be  *5OF. 
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The t e s t  resu l t s  of the modified procedure  are  r epor t ed  to  the n e a r e s t  
deg ree  Fahrenhei t  and i ts  repeatabi l i ty  and reproducibi l i ty  have been es tab  - 
l ished to be * 2 O F  (See Table  4). Resul t s  per  ASTM Method D97 a r e  given to 
the n e a r e s t  five degrees  Fahrenhei t  and the r epor t ed  repeatabi l i ty  i s  +&OF. 
The  original goal of this  p rogram in 1970 was to develop radiat ion-  
r e s i s t an t  lubricants  capable of functioning f rom - l o o o  to t500°F.  
pour point determination i s  designated a s  p r i m a r y  screening  t e s t  for m o s t  of 
the synthesized lubricants ,  i t  follows that the method m u s t  encompass  the 
lowest  boundary of the t empera tu re  range of interest .  
Since the 
The modified pour-point procedure  is l imited only by the low- 
t empera tu re  capability of the Dewar cold bath charge.  
with the p re sen t  cooling sys t em,  (ace tone /dry  i c e  in an  unsi lvered Dewar 
f lask)  because  of the need for visual observat ion of the tubes.  One p r i m e  
p re requ i s i t e  of the mic ro - sample  method is the i m m e r s i o n  of the frozen 
droplet-containing tes t  tube into a cold bath a l r eady  a t  a t empera tu re  signifi- 
cantly below the melting point of the sample.  
bath mix tu res  would have to be p repa red  in o r d e r  to check melt ing points of 
- 10O0F. 
i s  capable of producing a t empera tu re  a s  low a s  -256OF, i t s  p repara t ion  i s  
expensive and t ime  consuming. 
therefore  been extended to t empera tu res  below - 1 O O O F  without utilizing 
cumbersome ,  two-phase cooling sys t ems .  Modification of the method con- 
s i s t s  of the following s teps:  
Th i s  i s  only -94OF 
Consequently, much colder  
Although a special ly  dis t i l led petroleum e the r  / l iquid nitrogen sys t em 
The m i c r o -  sample  melt ing point method has  
1. Charge the 800 m l  t r anspa ren t  Dewar f lask with 200-300 ml 
liquid nitrogen. 
replenish the charge  to  i t s  or iginal  volume. 
Immediately a f te r  the initial pa r t i a l  boil- off, 
2. P r e p a r e  the sample  tube pe r  the p re sc r ibed  procedure  ( see  
Appendix 111) with the following exceptions: 
a. 
b. 
C. 
T o  accomplish complete rap id  freezing of the t e s t  d rop  to 
the s ide of the sample  tube, careful ly  pour liquid nitrogen 
over the horizontally positioned, charged and s toppered t e s t  
tube. 
Instead of uti l izing a low- tempera ture  t h e r m o m e t e r ,  fas ten 
the prepared  sample  tubes to a 0. 1-inch I. D. P y r e x  g l a s s  
tube ( sea led  a t  one end)  containing a thermocouple.  
Immediately lower the thermocouple-  tubes a s sembly  in a 
ver t ical  position into the Dewar f lask,  placing the bottom 
of the t e s t  tubes sl ightly above the liquid nitrogen surface.  
The thermocouple bead ( inser ted  all the way into the sea led  
tube) mus t  be in the immediate  vicinity of the two frozen 
t e s t  drops.  
num foil to minimize  condensation of moi s tu re .  
Cover the Dewar f lask top with a shee t  of a lumi-  
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d. When the sample  tube bottom i s  -1 c m  away f rom the liquid 
nitrogen surface,  thermal  equilibrium a t  the sample  level 
is --220°F. Raising the sample  tube increases  this equilib- 
r i u m  temperature  18-270F for every  cent imeter  of height. 
F o r  example, if the melting point of a fluid is known to be  
below -94'F, the tube may be lowered to within 1. 0 c m  of 
the sur face  of the liquid nitrogen and kept there  for a per iod  
of t ime to reach  thermal  equilibrium. F o r  a rapid,  p r e -  
l iminary  determination, the thermocouple  s t e m  m a y  then be 
r a i sed  slowly in smal l  increments ,  and the melting point 
m a y  be recorded per  the p re sc r ibed  cr i ter ion.  
t u re  i s  measu red  with a mill ivolt  potentiometer.  Fo r  a 
s lower,  m o r e  accurate  determination, the distance and 
t e m p e r a t u r e  increase  should be achieved simply by permit t ing 
the liquid nitrogen to evaporate f rom the flask. 
The t empera -  
Following the development of the improved method descr ibed above, i t  
was  de te rmined  in discussion with the P ro jec t  Manager that  low - tempera ture  
requi rements  for radiation- res i s tan t  space lubricants  a r e  approximately 
-50°F r a the r  than the originally specified - 100°F. 
checked, however,  on some  recently developed, experimental  grade fluori-  
nated polyethers and gave the following resu l t s :  
The  above method was  
Fluid Melting (pour ) point 
Light fraction 
Medium fraction 
- 105'F 
- 96OF 
Heavy fraction - 54'F 
The  method is considered suitable for any extended development of any non 
wax-containing fluids that s t i l l  flow in the lower t empera tu re  regions. 
2.  Resul ts  and Discussion 
4 
Modified pour -point determinations w e r e  pe r fo rmed  on a l l  products 
p r e p a r e d  during the second year  of this p rogram.  
presented  in Table 4. 
following: 
1. 
The  data obtained a r e  
Examination of these  pour point values indicate the 
Ea r ly  indications for the probabili ty of reducing the pour 
points of both "parent" compounds by synthesizing unsym- 
me t r i ca l  molecules  by cohydrolysis of var ious HCP-  1500 
and HCP-1600 intermediates  w e r e  proved wrong when pure 
cohydrolysis products w e r e  synthesized ( see  Table 2) .  
pure  preparat ions had significantly higher pour points than 
the f i r s t  y e a r ' s  impure counterpar ts .  
ra ther  dramatical ly  shown in F igure  1. 
These  
The phenomenon is 
Note that the second 
3 3  
Table 4. Modified pour point data on H C P  fluids 
Lubricant Designation 
HCP- 1500 (Batch No. 3 )  
HCP-C1500/1600 (9 /1 )  
(Batch No. 1 )  
_ . ~  ~ - 
HCP-  C1500/1600 (3/  1 )  
(Batch No. 2 )  
HCP-C1500/1600 ( 3 / 2 )  Batch No. 1 
HCP-C1500/ 1600 ( 1 / 3 )  
HCP- 1600 (Batch No. 2 )  
HCP-  1800 (Batch No. 2 )  
HCP- 1800 (Batch No. 3 )  
HCP- 1800 (Batch No. 4 )  
HCP- 1800 (Batch No. 5 )  
HCP- 1800 (Batch No. 6 )  
. HCP- 1800 (Batch No. 7 )  
HCP-1900 (Batch No. 1 )  
-.  
HCP-2800 (Batch No. 1 )  
HCP-2800 (Batch No. 2 )  
HCP-2800 (Batch No. 3 + 4 )  
HCP-4270 (Batch No. 2 )  ' 
_ _ .  - 
Modified Pour  Point ( O F )  
T r i a l  #1 
- 23 
- 17 
- I6  
- 10 
- 20 
54 
-51 
-53  
- 22 
- 13 
-15 
- 14 
+3 
- 50 
-56  
-56 
, 
-40  
T r i a l  #2 
- 24 
-17 
- 14 
- 10 
-20  
52 
- 50 
-52 
- 24 
- 15 
-15 
- 15 
+ I  
- 48 
- 5 4  
-56  
- 39 
batch of HCP- 1500/ 1600 (3/  l ) ,  as well  as the first batch of 
(3 /2 ) ,  were hydrolyzed from purified in te rmedia tes ,  and a r e  
therefore  much m o r e  likely to  be representa t ive  of the theoret ical  
mix ture  of products than were  the f irst  batches of cohydrolysis 
products. The  s t rong  indication is that cohydrolysis of mixtures  
of the HCP-1500 and HCP-1600 in te rmedia tes  cannot be expected 
to produce materials having lower pour points than HCP-1500. 
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T * PURIFIED INTERMEDIATES X UNPURIFIED INTERMEDIATES 
100 50 0 
MOL PERCENT OF HCP-1509 INTERMEDIATE 
Figure 1. Modified Pour  Points of 
Cohydrolysi s Products  
It should be noted a t  the s a m e  t ime , however ,  that  the monochloro 
product (formula V ,  page 7, an unsymmet r i ca l  molecule)  could 
s t i l l  be expected, a s  a spec ies ,  to have a lower pour point than 
HCP-1500. 
monochloro fluid from the mixture  was not justified by any 
prac t ica l  benefit result ing f rom such separation. 
i t  could be synthesized by an indkpendent method. 
In our opinion the effort  requi red  to separa te  this 
However, 
2. The modified pour point method is not only repeatable ,  but a l so  
ex t remely  sensit ive to the purity of a fluid. The case  in point 
i s  the gradual  increase in the pour  points of H C P -  1800 batches 
with continually improved puri ty  (indicated by elemental  anal - 
yses and N. M. R. spectroscopy).  Batch No.  3 can be considered 
a s  a mixture;  Batch No. 4 contained only slight t r a c e s  of impuri-  
t i es ,  while Batch Numbers 5,  6 and 7 appeared  to be completely 
pure.  Note the gradual i nc rease  in pour points of the batches in 
que stion, 
3 5  
3 .  Chlorinated homologs of HCP-1500 and HCP-1800 (HCP-1600 
and HCP-1900, respect ively)  display a la rge  inc rease  in pour 
points f rom those of the parent  compounds. 
4. The f i r s t  batch of HCP-2800 (vacuum disti l led to remove  phenyl 
sulfide) has  a higher pour point than that  of the following batches.  
This m a y  be attr ibuted to the initially selected excessively high 
distillation t empera tu re  and the consequential excessive removal  
of lighter ends in addition to phen 1 sulfide. This t e m p e r a t u r e  
was changed to 250°F a t  -2 x 1 0 - 6  t o r r .  As a resu l t ,  the follow- 
ing batches display improved low pour points, well below the 
requirements  of this p rogram.  
It  s e e m s  likely, that  the low- tempera ture  pouring cha rac t e r i s t i c s  of 
HCP-1800 (Batch No. 3 ) ,  as  well a s  that of a l l  batches of HCP-2800 a r e  
direct ly  re la ted to the formation of i somer i c  mixtures  of homologous c o m -  
pounds. Although, as  s ta ted e a r l i e r ,  the mechan i sms  of isomerizat ion o r  
other  changes a r e  not yet ent i re ly  c l ea r ,  the use  of these mixtures  having a 
high proportion of meta linkages is  a well-known method of pour point reduc-  
tion (References 4, 5, 6 ) .  I t  i s  m o s t  likely that homologous compounds 
p resen t  in the lubricants would be formed by an  acid catalyzed cleavage of 
the parent  compound a s  shown below: 
J 
CH3 CH3 
t HOSi - 0 - Si - 0 - Si 
CH3 CH3 CH3 
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F u r t h e r m o r e ,  a hexasiloxane such a s  the one i l lus t ra ted ,  even when 
formed in sma l l  amounts ,  would be expected to lower the pour point. 
Several  additives being considered a s  "lubricity agents" in the dis i l -  
The philosophy of testing r e s t s  on the p r e m i s e  
oxane fluids w e r e  evaluated for their effect on the pour points of HCP-1500 
and HCP-C1500/1600 (9/1) .  
that if  the additive is  able to significantly lower the pour point of the base 
fluid containing phenoxyphenyl substituents, this beneficial effect would 
probably be magnified in the case of the thioether homologs. 
s ince the batches of HCP-1800 and HCP-2800 were  needed for  other  
evaluation t e s t s ,  the phenoxyphenyl products on hand were  used  a s  
base  fluid mediums for  fur ther  testing of blends. F u r t h e r m o r e ,  it 
s eemed  possible that  cer ta in  additives might  lower the melt ing points 
by vir tue of mixing. 
Additionally, 
Pour  point data on these mixtures  a r e  presented in Table 5. 
The  data in this table indicate that 
1. The addition of t r ichlororesorcinol  produces a la rge  inc rease  in 
pour point; 
2. The  addition of T C P  ( t r i c r e sy l  phosphate) increased  the pour 
point of HCP-1800 (Batch No. 3); 
, 
3. No effect i s  produced by ei ther  t r i -p- tolyl  phosphite, t r i -p- tolyl  
thiophosphate o r  lead naphthenate; 
4. The mix tu res  of HCP fluids yield pour points which a r e  near ly  
a r i thmet ica l  averages of those of the constituents ( see  Table  4). 
Finally,  i t  should be noted that HCP-4270P,  a po lymer ic  ma te r i a l  
der ived f rom the HCP-4270 intermediate was p repa red  for the expres s  purpose 
of increasing the viscosity of HCP fluids by blending. 
was  a solid a t  room tempera ture  and (b)  the chain ends a r e  m o s t  l ikely 
hydroxyl terminated,  blending was not per formed.  Discontinuation of fur ther  
work was based on the p r e m i s e  that the pour point and low t e m p e r a t u r e  
viscosity of the HCP fluids could only be increased  by blending with HCP-427OP. 
The  observed  pour point increase of HCP- 1500 by mixing with OS-124 and 
any additional effect f r o m  increased hydrogen bonding due to the -OH te rmina l  
groups of HCP-427OP s e e m  to substantiate the premise .  
Since (a) this po lymer  
It should be noted that pour point tes t ings of mixtures  a r e  of a p re l im-  
ina ry  nature  only, s ince the effect of additives could compr i se  the subject 
of a separa te ,  comprehensive study itself. 
Generally,  the modified pour point method has  proved itself invaluable 
in fluid character izat ion due to  its simplicity,  reproducibil i ty,  rapidity and 
sma l l  sample  aliquot requirement. 
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Table  5. Modified pour  point data  on fluid mix tu res  
Lubricant Mixture  
(by wt. 1 
(1 1 HCP-  1500 (Batch No .  3 )  
P o u r  Point 
(OF) 
- 24 
1 HCP- 1500 (Batch No. 1; t 5  w/  o T r ich lor  o r  e s o r  cinol HCP- 1500 (Batch No.  t 3 w/o  Tr i -p- to ly l  phosphite 
HCP-C 1500/ 1600 (9/1 ) ( l )  
- 9 / -  12  (2 )  
- 17 
- 24 I 
HCP-  1500 (Batch No. 3 )  
t 3 w/o  Tr i -p- to ly l  
thiophosphate 
HCP- 1500 (Batch No. 3 )  
HCP-  1800 (Batch No. 3)(1:1) 
t 
- 23 
- 35 I 
HCP- 1800 (Batch No.  3)(l!- 1 4: 1 
HCP- 1800 (Batch No. 3 )  
t 5 w/o  T C P  
_ _ _ _ _ _ ~ ~ ~ ~ -  . 
( 3 )  
HCP- C1500/1600 ( 9 / 1 )  
t 3 w / o  Lead naphthenate - 17 
HCP-4270 (Batch No. 2 )  
t 5 w/o  T C P ( 4 )  -40.  
(1 ) Pour  point presented  for comparison 
( 2 ) D up1 i cat e m e  a s u r em en t s . 
( 3 )  Pour  point of "pure" lead  naphthenate = -40°F. 
(4) Product  decomposition in 6 days.  
Some c r y  s ta 11 i z a t i on o b s e r ve d. 
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D. VISCOSITY 
1. Description of the Apparatus and T e s t  Method 
Ordinar i ly ,  one of the f i rs t  cha rac t e r i s t i c s  of a fluid to be 
examined i s  i ts  viscosi ty- temperature  relationship.  P rec i se ly  for  this 
reason  viscosity was designated a s  a p r i m a r y  screening t e s t  for most  
of the synthesized lubricants.  Viscosity baths w e r e  p r e p a r e d  conform- 
ing to  the requi rements  of ASTM Method D445-53T (Tes t  for  Kinematic 
Vis cos i ty) . 
1. The 100°F bath contains water ;  the hea t  is controlled by a 
Prec is ion  Scientific m e r c u r y -  to- w i re  t empera tu re  controller 
and relay.  
The 210°F bath contains silicone fluid; the heat  is  controlled by 
a mercu ry - to -wi re  temperature  control ler  and relay.  
The low- tempera ture  bath (at  0 F and below) contains dry ice- 
cooled acetone. 
incrementa l  quantities of crushed solid COz. 
2. 
0 3. 
Cooling is controlled by addition of smal l ,  
P r i o r  to conducting all  viscosity t e s t s ,  the cal ibrated Cannon-Fenske 
routine (-7 ml charge)  and Cannon-Manning s e m i - m i c r o  v iscometers  (-1 ml 
cha rge )  w e r e  chemically cleaned with chromic  acid. 
was  constructed which permitted maximum drainage of the viscometer con- 
tents  and recovery  of the t e s t  sample. 
in a laminar  flow bench. 
A sma l l  d ra in  stand 
The draining operation was pe r fo rmed  
When fi l tration of the sample appeared  n e c e s s a r y  before the viscosity 
(o r  any o the r )  t e s t s ,  a Millipore f i l ter  holder (equipped with 0. 45p fi l ter  d i sks  
and vacuum f lasks)  was utilized. 
2. Resul ts  and Discussion 
The viscosi t ies  of severa l  synthesized ma te r i a l s  have been de te r -  
mined  and a r e  shown in Tables 6 and 7. 
The viscosity values in Table 6 indicate the following: 
1. Viscosity (just l ike pour point determinat ions)  is ex t remely  
sensit ive to product purity. Again, by following the viscosity 
h is tory  of all batches of HCP- 1800, the gradual "thickening" of 
the fluid with increased purity is observed. 
i nc rease  i s  graphically presented  in  F igure  2. The  viscosi t ies  
of OS-124 a r e  a l so  plotted, mainly to show that the ASTM slopes 
of the a r o m a t i c  substituted siloxanes a r e  comparable  to those of 
the polyphenyl e thers  ( s e e  a l so  F igure  3). 
This  viscosity 
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4. 44 
5. 12 
31. 62 
1 .2  
1 .4  
2. 6 
__ 
3. 09 
4. 80 
5. 29 
6. 22 
1. 1 
1. 4 
1. 4 
1 .4  
.~ -____ 
Compound Designation 
HCP-1800 (Batch No. 3 )  
HCP-2800 (Blend of all 
_. 
batches)  
Kinematic Viscosi ty  in Cent is tokes 
L 
-45OF - 35OF O°F 
44, 516 2,177. 7 185. 3 
.. ~ 
22,740 8 ,226  599.0 
Table 6. Viscosi t ies  of se lec ted  H C P  fluids 
Kinematic Viscosi ty  in Cent is tokes 
C ompound Designation 
HCP-  1500 (Batch No. 
1 O O O F  
3. 97 I 1. 1 
HCP-  C 1500/ 1600 ( 9 /  1)  
(Batch No. 1 )  
HCP-C 1500/1600 (1 /3 )  
(Batch No. 2 )  30. 75 
3054.0 I HCP-1600 (Batch No. 2 )  
I HCP-  1800 (Batch No. 1)  1 HCP-1800 (Batch No. :: 
HCP-  1800 (Batch No. I-- 10. 70 2. 91 I 1. 1 12. 81 
26. 50 
32. 56 
~~ 
HCP-1800 (Batch No. 5 )  
I HCP-1900 (Batch No. 1)  I 54. 90 
L HCP-2800 (Blend of all 
(1)  Extrapolated 
20.49 4. 99 I 1. 6 
I ( 2 )  Insufficient quantity for  viscosi ty  determinat ions.  
~~ 
Table 7. Low- t empera tu re  v iscos i t ies  of thioether  fluids 
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1 
POUR POINT = 
-53'F -13 'F  +a" F
2 
~ 
1 
-100 -50 0 lo0 210 300 
OF 
POUR POINTS 
F i g u r e  3 .  Effect of Chlorine 
Substi tuents on the Viscosity 
and P o u r  Point  of the Chlori- 
nated Homologs of HCP-1500, 
Batch No. 3 (HCP-1600, 
Batch No. 2 )  and HCP- 
1800, Batch No. 5 
Batch No. 1) 
(HCP- 1900, 
. 
Figure  2. Effect of Pu r i ty  
on the Viscosity T e m p e r -  
a t u r e  Relationship f o r  
HCP- 1800 Batches 
41 
Incidentally, i t  should be noted that in cont ras t  to m o s t  a romat i c  
compounds, the viscosity- t empera tu re  cha rac t e r i s t i c s  of 
polyphenyl e the r s  a re  very good. 
the ether l inkages is undoubtedly responsible ,  s ince the c o r r e s -  
ponding polyphenyls have r a the r  poor viscosity- t empera tu re  
proper t ies  (Reference 5). The p resence  of shor t ,  s t rong but 
flexible siloxane "backbones" in the H C P  fluids,  coupled with the 
e the r  or thioether linkages in the substi tuent groups s e e m  to 
a s s u r e  viscosi ty- temperature  p rope r t i e s  at least as good ( i f  not 
slightly be t t e r )  a s  those of the polyphenyl e thers .  
Chain flexibility impar ted  by 
2. The t ransposed data in Figure 3 graphically show that the 
main  effects of incorporation of chlorine to produce dichlor i -  
nated homologs of HCP-1500 and 1800 a re  large inc reases  in 
pour point and viscosity.  The second observation points to 
the fact that  the magnitude of the inc rease  is  significantly 
reduced on substituting sulfur for  the m o r e  electronegat ive 
phenoxy group oxygen a toms.  Although the effect  of dichlorination 
is  not surpr i s ing  in view of the bulky na ture  of the chlorine a toms ,  
the effect of the higher electronegativity of the phenoxy groups i s  
r a the r  la rge ,  especially since the s t rength of hydrogen bonding and 
Keesom fo rces  is generally r a the r  small in the case of e the r s .  
is  likely that this effect is enhanced by a s t e r i c  configuration 
r a t h e r  different  f r o m  a symmet r i ca l  planar  state.  
t rue  spread  of viscosi t ies  between HCP-1500 and HCP- 1600 is 
somewhat obscured by the slightly " impure" nature  of these 
products. 
If a lubricant o r  a hydraul ic  fluid is to be operable  at -65OF, -40 F, 
o r  O O F ,  the fluid in question m u s t  p o s s e s s  a useful fluidity a t  these tempera-  
tu res .  F o r  example,  a i r c r a f t  hydraulic fluid specifications have generally 
defined the useful low-temperature  viscosity as  2500-3000 c s  (and the high 
t empera tu re  viscosity a s  1 cs). 
f r o m  Tables  6 and 7 )  show that the f ina l  fluid candidate,  HCP-2800, is u s e -  
ful  to a s  low as - 2 5 O F  and probably as  high as i ts  decomposition t e m p e r a -  
tu re .  Low tempera ture  use  of OS-124 (data enclosed again for compar ison)  
obviously does not even en te r  into consideration. 
It 
Note that the 
0 
The data in F igure  4 (plotted with the values 
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1 
-1 
OF 
Figure  4. Viscos i ty-Tempera ture  Relationship for  
HCP-2800 (Mixture  of a l l  Batches) 
E. VOLATILITY 
The  vapor p r e s s u r e s  and evaporation r a t e s  of lubricants  used in space 
applications a r e  data of fundamental importance in predicting lubricant l o s s e s  
f r o m  cr i t ica l  frictional surfaces.  Although m o s t  solid lubricants  cause l i t t le  
concern due to their  ex t remely  low vapor p r e s s u r e s ,  the volatility cha rac t e r -  
i s t i c  of g reases  and oi ls  is the p r i m a r y  c r i te r ion  in their  selection for space 
use. 
~ 
Heat  of vaporization data on low vapor p r e s s u r e  organic  compounds 
a r e  m o s t  suitably obtained by either the Knudsen or i f ice  effusion o r  the 
Langmuir  f ree-  sur face  evaporation method. Static techniques, such a s  the 
use  of the isoteniscope o r  the pendulum tensimeter  involve heating of the low 
volatility t e s t  substance to ra ther  high t empera tu res  to obtain rel iable  data. 
In some  cases ,  overheating may lead to decomposition. At any r a t e ,  isoteni-  
scope vapor p r e s s u r e  measu remen t s  of non-uniform fluids (e. g . ,  po lymer ic  
lubricating o i l s )  a r e  not permiss ib le ,  s ince the evaporation r a t e  and the r a t e  
of vapor p r e s s u r e  change of these m i x t u r e s  vary continuously with progress ing  
evaporation. F u r t h e r m o r e ,  the data obtained by s ta t ic  methods in the high 
t e m p e r a t u r e  range need to be extrapolated to low t empera tu res  by utilizing 
applicable vapor p r e s  su re -  temperature  relationships,  e. g. , the Clausius- 
Clapeyron o r  the Antoine equations. Extrapolation to the low tempera ture  
range involves a cer ta in  degree of inaccuracy. 
I 
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In o r d e r  to avoid the necess i ty  of extrapolation, and provide fo r  the 
continuous monitoring of the vaporization p r o c e s s ,  a m a s s  sorpt ion quartz  
spr ing  microbalance was developed. 
in F igure  5. 
candidate lubricants  a t  various t empera tu res  by weight l o s s  through f r ee -  
su r face  evaporation in ul t ra-high vacuum. 
The  schemat i c  of the balance i s  shown 
The  instrument  m e a s u r e s  p rec i se ly  the evaporation r a t e s  of the 
VIEWING PORT 
METAL FLANGE 
QUARTZ SPRING WITH HOOK 
PRIMARY VAC-ION PUMP 
(8 L/SEC) WITH 
COLD TRAP 
MAGNETIC DAMPER, 
BLE COOLING JACKET 
OOLING WATER OUT 
CATHETOMETER 
REFERENCE POINT 
COLLECTOR LIP FOCUSED ON 
HEATING JACKET WI 
THERMOCOUPLES SAMPLE CONTAINER 
COOLING WATER IN 
SEAL-OFF TUBE 
VAC-ION PUMP "4-HANDBALL'' 
(8 L/SEC) WITH 
SHOCK-ABSORBER 
UP 
F i g u r e  5. Schematic  Diagram of the 
Microbalance 
1. DescriDtion of the Atmaratus and T e s t  Method 
In a vertically-posit ioned g l a s s  vacuum chamber  equipped with a 
furnace zone and water-  cooled condensing reg ions ,  a small quar tz  sample  
cup i s  suspended from a sensi t ive,  pivot-free quar tz  spr ing.  The  sample  
container (filled with the de-gassed  and he l ium-sa tura ted  t e s t  fluid) is 
careful ly  positioned in the middle  of the furnace region while hanging on a 
thin quar tz  extender rod, The rod extends through a per fora ted ,  removable  
watch-g lass  baffle plate. 
envelope of the furnace zone. 
The movement  of an appropr ia te  r e fe rence  point is m e a s u r e d  with a 
cathe tom e te r . 
The oil is heated by radiat ion through the vacuum 
As the oil evapora tes ,  the spr ing  contracts .  
A permanent  nichrome w i r e  heating jacke t  is wound on an  a sbes tos  
The heating coi ls  a r e  sea led  in base a t  the furnace region of the balance. 
shee ts  of a sbes tos  paper heavily doped with a water  glass solution and 
fu r the r  insulated with a thick a sbes tos  cloth, 
Two copper-  constantan thermocouples  imbedded into the middle  of the 
furnace  zone s e r v e  a s  integral  p a r t s  of the heating jacket. One leads  to a 
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prec is ion  mill ivolt  potentiometer, the other to a tempera ture  controller.  
The jacket i s  heated by applying cu r ren t  through a rheostat  (connected to the 
t e m p e r a t u r e  cont ro l le r )  capable of adjusting the jacket t empera tu re  to within 
0.1oc. 
The sample  container ,  charged with -0.5 g of the t e s t  compound 
(for  a detailed specimen preparation p rocedure  see Appendix I V ) ,  is carefully 
positioned in the middle of the furnace region while hanging on a thin quartz  
extender  rod.  
positioning of the cup slightly below the middle of the heated region. 
extends through a thin, perforated,  removable  watch-glass  baffle plate. 
The selection of the -0.5 g init ial  t e s t  load provides s tandard  
The rod 
The  spr ing i s  permanently sealed to a horizontal  s ta inless  s tee l  sup- 
po r t  hook which r e s t s  on the inside rim of the meta l  vacuum flange. This  
hook p e r m i t s  the use  of a glass vacuum viewing port. Since the heating 
jacket  is neither removable  nor t ransparent ,  the viewing po r t  a s s i s t s  in 
centering the cup by eye in the middle of the furnace zone. 
cup can be seen  c lear ly  through the dis tor t ion-free watch- g lass  baffle plate. 
Quar tz  hel ices  a r e  extremely sensi t ive to vibration, especial ly  when 
The  a s sembled  
operated in high vacuum, since only the low internal  friction of quartz  can 
damp the oscil lations.  
to a negligible amplitude by a simple magnet ic  damper .  This damper  con- 
sists of a 1 in2 sheet  of commercial ly  available heavy-duty aluminum foil 
sealed to the spring-extender rod junction. Eddy cu r ren t  damping is pro-  
vided by a magnet  positioned around the foil squa re  on the outside of the 
g lass  vacuum chamber.  Figure 6 i s  a close-up of the measu remen t  region 
of the microbalance,  showing the damper  foil. The  removable  watch- g lass  
baffle plate is seen  behind the collector l ip cooling jacket ,  res t ing  on three  
indentations in the balance wall. 
In the present  case ,  the spr ing vibration i s  reduced 
The  t ransmiss ion  of external vibrations is prevented by shock- 
mounting the en t i re  balance and pump as sembly  on three  solid rubber  bal l  
py ramids  of "four -ball" configuration ( regular  tetrahedron]. This  s imple 
e las t ic  mounting pe rmi t s  final fine positioning of the a s sembled  t e s t  cup 
inside the furnace zone simply by placing balancing weights on the support  
plate  ( see  F igure  5). 
The  spr ing and the extender rod a r e  prevented f rom pivoting and 
turning by sma l l  d rops  of Apiezon Wax W (vapor p r e s s u r e  = 1 x 10-8 t o r r  
at 2OoC). 
to the support  hook. 
The  s a m e  wax s e a l s  the damper  foi l  to the spring and the spr ing 
No wax is used in the heated zone. 
Rough pumping of the system t o  -1  x t o r r  p r e s s u r e  is per formed 
with two liquid nitrogen- chilled molecular  s ieve sorption pumps. 
vacuum of 4 to 6 x 
second, s tandard diode ion pumps with liquid nitrogen traps.  
ion pumps,  the constricted glass seal-off  tube connecting the sorption pumps 
is sealed with a blow torch ,  isolating the  s y s t e m  to undergo ion pumping only, 
The ion pump flanges a r e  sealed with OHFC copper gaskets ,  while the unbaked 
viewing po r t  flange is equipped w i t h  a Viton rubber  O-r ing for e a s e  of assembly .  
Ultimate 
t o r r  i s  attained by the use  of two baked, 8 l i t e r s  / 
After s ta r t ing  the 
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F i g u r e  6. Measurement  Region of 
the Microbalance 
During evaporat ion r a t e  measu remen t s  c u r r e n t  is supplied to the 
heat ing j acke t  through the  t empera tu re  cont ro l le r  to obtain the lowes t  t e s t  
(cup)  t e m p e r a t u r e  des i r ed .  Due to the low p r e s s u r e s  involved in the vacu- 
um envelope, the oil  is  hea ted  essent ia l ly  by radiat ion in the furnace  zone. 
As the oil  evapora t e s ,  the sp r ing  contracts.  The  movement  of an appropr i -  
a t e  r e f e r e n c e  point is m e a s u r e d  with a p rec i s ion  ca the tometer .  N o  reading 
is taken until  t h e r m a l  equi l ibr ium i s  reached between the heat ing jacke t  and 
the  sample .  
This  p rocedure  is r epea ted  a t  each  additional t e s t  t empera tu re .  
Additional m e a s u r e m e n t s  a r e  taken af te r  spec i f ic  t ime  intervals .  
After  each complete  determinat ion (consis t ing of duplicate evaporat ion 
r a t e  m e a s u r e m e n t s  at each  t e s t  t e m p e r a t u r e ) ,  the chamber  p r e s s u r e  is  c a r e -  
fully brought  to a tmosphe r i c ,  and the body of the ba lance  (containing the cold 
t r a p s )  is broken off the vacuum pump and thoroughly r in sed  with an appro-  
p r i a t e  cleaning solvent  followed with reagent g rade  methanol  on the inside.  
When the c lean ,  d r y  balance chamber  is r e - s e a l e d  to the ion pumps 
in  the v e r t i c a l  posit ion (checked by a plumb bob) and a new seal-off tube is  
a t tached  to  the bottom ion pump ( s e e  Figure 5),  the chamber  i s  leak-tested 
to a s s u r e  a h e r m e t i c  sys t em.  
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The liquid nitrogen balance cold t r aps  effectively t r a p  any volatile 
consti tuents of the sample  that would otherwise contaminate the ion pumps. 
Pump degradation, therefore ,  occurs f rom the normal ly  expected moi s tu re  
accumulation only. 
night a t  2OO0C (while in operation on the balance) provides a vacuum of 4-6 
x 10-8 t o r r  in the morning,  even af te r  five or six repeated full sca le  evapora- 
t ion r a t e  determinations,  and increases  the intervals  between periodic high- 
t e m p e r a t u r e  baking operations . 
The routine p rocedure  of baking the ion pumps over-  
a.  Calibration 
on 
Th 
Calibration of the quartz spr ing i s  pe r fo rmed  by suspending weights 
the spr ing and measu r ing  the extension with a precis ion cathetometer .  
e extension vs. load curve i s  l inear  in the load range of interest .  The 
spr ing constant i s  34. 78 m m l g .  
be r ead  to the nea res t  0. 05 m m  and accurately est imated to the nea res t  
0. 025 mm, the accuracy  of each weight loss m e a s u r e m e n t  i s  *7. 2 x 
Since the cathetometer  ve rn ie r  sca le  may  
g. 
T h e  evaporation a r e a  of the sample  m u s t  be known accurately,  s ince 
fluids tend to c reep  over the cup sur faces ,  effectively increas ing  the evapora-  
tion a rea .  Consequently, a ba r r i e r  compound m u s t  be used to r e s t r i c t  
creepage.  Commerc ia l ly  available Braycote 806 ( l H ,  1H-pentadecafluorooctyl 
methacry la te  in a 2. 5 percent  solution by weight in hexafluoroxylene) is an  
effective b a r r i e r  compound which deposits an  essent ia l ly  t ransparent  film 
with ex t r eme ly  low sur face  energy propert ies .  
unusual repellancy to oi ls ,  synthetic fluids, near ly  all common solvents and 
aqueous solutions. 
the c reep  of oi ls  c r e a t e s  problems of contamination. 
solution can be applied to the cup by full i m m e r s i o n  o r  with a camel-hair  brush. 
The film i s  charac te r ized  by 
It is frequently used to prevent lubricant  migrat ion where  
The  b a r r i e r  coating 
By covering the en t i re  surface a r e a  of the cup with the b a r r i e r  coating 
the evaporation a r e a  calculation i s  great ly  simplified, s ince this a r e a  r e m a i n s  
that  of a c i rc le  with a radius equal to that of the sample  cup (8 mm). 
scopic  examination of s eve ra l  c lasses  of fluids in the coated cup indeed shows 
only a negligible meniscus .  
2. 01 c m 2  throughout the tes ts .  
sample  sur face  is considered negligible. 
Micro-  
The evaporation a r e a  can therefore  be taken as 
Any a r e a  change due to crystal l izat ion on the 
Based on the m e a s u r e d  evaporation r a t e s ,  the vapor p r e s s u r e  
t e s t  substance i s  calculated by the Langmuir  equation, expres sed  a s  
of the 
= 1 7 . 1 4 G  ( T / M )  1 1 2  , 
' torr 
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where 
-2  G = evaporation r a t e  in g * c m  . s e c - l ;  
T = absolute t empera tu re  in K;  0 
M = molecular  weight in g .  
This equation may be used with confidence, where  ( a )  the t e s t  substance i tself  
is composed ess.entially of a pure chemica l  compound, and (b )  neither the base 
compound nor the additives ( i f  any) decompose a t  the t e s t  t empera tu res .  In 
the cases  of lubricating oils and g r e a s e s  consisting of mixtures  of different 
molecular  weight fractions,  this equation o f fe r s ,  of cour se ,  only an approxima- 
tion. 
of the molecular  weight range. Consequently, fo r  unknown f lu ids ,  the average  
molecular weight is de te rmined  f i r s t ,  
The  accuracy of this approximation depends mainly on the na r rowness  
Since during this p rogram seve ra l  mixtures  were  tes ted ,  and in c e r -  
tain cases  (e. g. , the HCP-2800 batches)  the p r e s e n c e  of te t ras i loxanes ( o r  
even higher homologs) could not be discounted, the average molecular  weights 
of the cup residues of m o r e  significant t e s t s  w e r e  a l so  determined. 
assuming a l inear  relationship between increasing weight percent  evaporation 
and simultaneously increasing molecular  weight, m o r e  accura te  vapor  p r e s  - 
s u r e  values w e r e  obtained. In using th i s  method note that the low t e m p e r a t u r e  
vapor  p r e s s u r e  values a r e  invariably high, s ince the average  molecular  weight 
measu remen t  by osmometry  does not yield an accura te  number for  the weight of 
the smal les t  molecule present  i n  the mixture.  This  i s  especially t r u e  i n  the 
case  of phenyl sulfide contamination. 
By 
Since the charged sample  cup of the microbalance  i s  suspended in 
vacuum, hea t  t ransfer  to and f r o m  the cup occurs  mainly by radiation and 
vaporization. 
of the heating jacket. 
Under these conditions, the cup t e m p e r a t u r e  i s  lower than that 
If the cup is a s sumed  to be suspended in a blackbody cavity whose 
t e m p e r a t u r e  equals that of the heating jacket  ( T j ) ,  and the cup t e m p e r a t u r e  is 
taken a s  T,, utilizing the Stefan-Boltzmann Law,  at  t h e r m a l  equi l ibr ium, the 
r a t e  of heating equals the r a t e  of cooling: 
A c u T 4  = A c u T  4 t gH 
j C 
whe r e  
A = surface a r e a  of the sample  cup; 
= emissivity of quartz;  
u = the Stefan-Boltzmann constant; 
g = the evaporation (effusion) r a t e  of the t e s t  substance;  
H = heat  of vaporation fo r  one g r a m  of the tes t  substance.  
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The cup t empera tu re  may be e x p r e s s e d  by rewri t ing the above 
equation to  
Since a l l  p a r a m e t e r s  on the right s ide  of the equation a r e  known, the 
theore t ica l  cup t empera tu res  may be  calculated. 
Actual t h e r m a l  gradient determinations pe r fo rmed  by placing 
thermocouple- ins t rumented  dummy samples  i n  the furnace zone have shown, 
however ,  that a ra ther  s imple physical model  l ike the one presented  above will 
indicate a genera l  heat t r a n s f e r  mechanism only and does not yield accura te  
values i n  the t e m p e r a t u r e  range of in te res t .  
The gradient was determined experimental ly  by the following pro-  
cedures:  the sample  cup,  half-fi l led with polyphenyl e ther  ( a  mixture  of five- 
membered  ring i s o m e r s ,  reported A H  VaP pended on a long P y r e x  extender rod  (no spr ing) ,  so  the cup hung f ree ly  i n  
the middle of the furnace zone. A thin copper-constantan thermocouple ,  
i m m e r s e d  in  the oi l  ( in  effective t h e r m a l  contact with the  bottom of the  sample  
cup) and f i rmly  t ied to the extender rod  was welded to  a n  e lec t r ica l  feed- 
through vacuum flange at the top of the balance. 
= 21.97 kca l /mole)  was sus - 
The s y s t e m  was evacuated and cu r ren t  was supplied to the heating 
jacket.  After each adjustment the t e m p e r a t u r e s  of both the jacket and the  
fi l led sample  cup w e r e  permit ted to  come to equilibrium. 
gradient was constantly monitored on a prec is ion  millivolt potentiometer.  
The  t e m p e r a t u r e  
A computer  leas t  squares  analysis of ten pa i r s  of data points ranging 
f r o m  jacket t e m p e r a t u r e s  of 4O.O0C to 3OO0C resul ted i n  the best-fi t  s t ra ight  
l i n e  expres sed  a s  
y ~ 0 . 7 8 1  x -1.26,  
where  
0 y = cup t empera tu re  ( C )  
0 x = j a c k e t  tempera ture  ( C) 
This equation is not applicable a t  room t empera tu re ,  s ince ,  na tura l ly ,  
no t h e r m a l  gradient exis ts  between the jacket and the  cup. 
A reqeat  determination was made  with 9 9 . 5  percent  pu re  n-octacosane 
(C28H58 ,AHvap = 24. 14 kcal/mole) a f te r  the following modifications w e r e  
made: (a )  redesign of the electr ical  feed-through t o  incorporate  a P y r e x  top 
window for  exact centering of the cup i n  the furnace zone, and (b)  the use of 
thicker  th$rmocouple w i r e s ,  permitting d i rec t  suspension of the now fully 
fi l led cup on the wires  themselves.  
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Both experiments indicated that a f i f teen minute per iod is necessary  
to achieve an equilibrium gradient between the jacket and the cup. 
t e m p e r a t u r e  may be reached in one minute by manual control  ( i nc rease )  of 
the init ial  heating rate.  
Any jacket 
F igu re  7 represents  (1) a theoret ical  cu rve ,  plotted according to the 
model presented;  (2)  the s t ra ight  l ine function of the polyphenyl e ther  gradi-  
ent determination; and ( 3 )  the data of the n-octacosane measu remen t s .  The  
experimenta! data indicate excellent repeatabi l i ty ,  f i rmly  establishing the 
high reliabil i ty of the  f i r s t  determination. 
n-octacosane determination may be explained by considering the differences 
i n  s a m p l e  m a s s ,  emiss iv i ty ,  heat capacity and the t h e r m a l  conductivity of 
the wi re  support  s t ructure .  
The slightly lower values of the 
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Figure  7. Fu rnace  Z o n e  T h e r m a l  
Grad ien t s  
It i s  apparent that the theoret ical  gradient is essent ia l ly  a s t ra ight  
line function within a cer ta in  portion of the lower t e m p e r a t u r e  Tange. Beyond 
this r ange ,  with the assumption of a constant s ample  volume,  the evaporation 
of the fluid significantly cools the fluid sur face ,  causing progress ive ly  reduced 
cup tempera tures .  In the c a s e  of low-volatility fluid s a m p l e s ,  however ,  s u r -  
face "self-cooling" is expected to be compensated fo r  by t h e r m a l  convection 
within the fluid charge i n  the shallow cup,  until the  cup cha rge  is  completely 
depleted. 
T h e  lower slope of the experimental  gradient is caused  by the inac- 
curac ies  involved i n  the initial assumptions.  
is  the fact  that the cup is not suspended.in a perfect  blackbody cavity. 
The  main cause  of the deviation 
b. Condensation 
A s  the evaporated sample  condenses i n  the balance c h a m b e r ,  the r e -  
evaporation probability W may be expres sed  a s  
5 0  
where  
V = frequency factor  for a n  adsorbed  molecule  
Qad = binding energy of the molecule to the subs t ra te  
k = Boltzmann's  constant 
T = absolute tempera ture  of the  adsorbed  molecule. 
The res idence  t ime of a molecule  on a condensing sur face  is de t e r -  
mined by Qad which, incidentally, is the negative of the adsorption energy. 
Since this  res idence t ime i s  inversely proport ional  to the subs t ra te  t e m p e r a -  
t u r e ,  W closely approaches unity at liquid nitrogen tempera tures .  This  is 
the  reason  why most  of the more  elaborate  microbalances  have liquid n i t r o -  
gen baffles positioned immediately above the sample  surface.  
Deposition on the  water-cooled g lass  sur faces  of the present  appara-  
tus  implies low-energy interaction between the  subs t ra te  and the impinging 
molecule. 
s t r a t e  t empera tu re ,  the re-evaporation probability becomes  significant. 
Consequently, due to the small binding energy and the higher  sub- 
On the other  hand, if the impinging molecule collides not with a b a r e  
g l a s s  sur face  but an already formed aggregate deposit and becomes an inte- 
g r a l  par t  of i t ,  th is  molecule  will tend t o  re -evapora te  l e s s  readily s ince  i t  
i s  now bound to the r e s t  of the deposit by the condensation energy of the  
aggregate  substituent. 
In the case  of condensing liquids i t  mus t  be  noted that during the init ial  
p h a s e  of condensate nucleation only ve ry  s m a l l  droplets  a r e  formed.  
the vapor p r e s s u r e  of liquids with convex s u r f a c e s  ( e . g . ,  droplets)  is  g r e a t e r  
than that of liquids with plane sur faces ,  re-evaporat ion during the  i n i t i a l  
phase  of condensation is, m o r e  likely than a f t e r  coalescing of these  droplets  
takes  place. 
Since 
During this  high t empera tu re  calibration with n-octacosane , the  en t i re  
Subsequent cathetometer  m e a s u r e -  
The major  portion of this  con- 
t e s t  charge  was evaporated f rom t h e  cup. 
ments  of the spr ing a s sembly  showed that only 1. 3 percent  of the init ial  sample  
weight deposited on these cr i t ical  sur faces .  
densate  was found on the  extender rod  below the baffle plate. 
Apparently the baffle plate and the water-  cooled condensing regions 
a r e  ex t remely  effective in trapping the e f fused  molecules.  
the  white t e s t  substance (n-octacosane) s e r v e s  a s  a color t r a c e r  and c lear ly  
indicates the distribution of the trapped condensate. 
In F igures  6 and 8 
51 
8 
E 
td 
m 
E 'igr 
( n -  
i r e  
, o c  
8. 
tacc 
Distr ibut ion of Condensate 
]sane) i n  the Microbalance 
Since i n  actual  tes t ing only one t h i r d  to one half of t h e  i n i t i a l  s a m p l e  
charge  is evapora ted ,  p r o - r a t e d  condensation o r  spr ing constant c o r r e c t i o n  
f a c t o r s  a r e  unnecessary.  The  significance of t h e s e  f a c t o r s  would fall within 
the exper imenta l  e r r o r s  imposed  by the a c c u r a c y  of each  ca the tometer  read-  
ing. 
vacuum microbalance  with p u r e  compounds of low .volatility and known vapor  
p r e s s u r e .  T h e  99. 57'0 p u r e  calibration compounds"' se lec ted  w e r e  
T h e  net effect of the above interactions w a s  found by cal ibrat ing the 
1. n-heptadecane,  C17H36 (mol.  wt = 240.48, mel t ing point 
23OC, heat of vaporization 
s e e  Reference  7 )  
AGvap = 15. 61 k c a l l m o l e ,  
2.  n-octacosane,  C28H58 (mol. wt = 394. 77 ,  mel t ing point 
6 l o C ,  heat  of vaporization ARvap = 24. 14 k c a l / m o l e ,  
see Reference  7 )  
The cal ibrat ion data a r e  presented  i n  Table 8. 
n-heptadecane (Reference  8) i s  
T h e  Antoine equation f o r  
- 1847. 82 
log lo  ' t o r r  - 7*0115 - 145. 52 t t('C) 
:: 
Obtained f r o m  Lachat  Chemicals ,  Inc. , Chicago,  Illinois. 
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The Clausius-Clapeyron equation for  n-octacosane (Reference 7 )  i s  expres sed  
i n  the following form: 
= (-0. 2185)  2 4 9  144*2 t 10.575460 
vow . log lo  P t o r r  
The  measu red  values i n  Table  8 a r e  i n  good agreement  with the calculated 
va lues ,  especially i n  view of the fact  that  both equations w e r e  der ived f r o m  
measuremen t s  a t  considerably higher t empera tu res  and vapor p r e s s u r e s  than 
those of the present  work. These equations a r e  extrapolated over  five o r d e r s  
of magnitude i n  the case  of n-heptadecane (Reference 9)  and over  t h ree  o r d e r s  
of magnitude with n-octacosane (Reference 7). 
This  good agreement  is graphically presented  in F i g u r e  9 ,  where  the 
respect ive vapor p r e s s u r e  equations as well a s  the Hughes data a r e  shown. 
This  graph  r ep resen t s  the average vapor  p r e s s u r e  values ve r sus  1000/OK 
plotted on semilog paper.  
2. Resul ts  and Discussion 
The pre l iminary  measurements  per formed during the f i r s t  yea r  of th i s  
p r o g r a m  indicated that disubstituted disiloxanes display low enough vapor  
p r e s s u r e s  to  qualify a s  aerospace functional fluids ( s e e  Refe rence  1). 
.D 
Figure  9. Vapor P r e s s u r e s  of Calibration 
Compounds 
53 
Table 8. Vapor p r e s s u r e s  of pure calibration compounds 
Compound 
n-heptadecane 
n- heptadecane 
n- heptadecane 
n-heptadecane 
n - oc taco s ane 
n-octacosane 
n-octacosane 
n-octacosane 
n-octacosane 
n-octacosane 
Temp. ( O C )  
16. 5 
16. 5 
47. 2 
47. 2 
87. 6 
87. 6 
103.4 
103. 4 
116.4 
116.4 
3600 
3600 
300 
300 
1800 
1200 
300 
300 
180 
180 
- ~. . 
Evaporat ion 
T i m e  ( s e c )  
( "Pe r  t h e  applicable equat ion,  given in  text.  
. .- -~~ - 
Weight 
Loss (mg) 
15. 84 
12.96 
43.20 
41. 76 
15. 12 
8.64 
15. 12 
14.40 
33.12 
36.00 
~~ 
Vapor P r e s s u r e  ( t o r r )  
Obse rved  
4.10 
3.40 
1.42 
1.37 
6.85 x 
5. 88 x 
4.20 
4.00 
1.56 
1.69 
-~ 
(1) C a l c  ulat e d  
4.00 10-5 - 
2.65 
2.65 
5 4 .00 x 10- 
8.91 x 
8 .91  x 
3.66 x 
3 .66  x 
1.08 
1.08 
The second y e a r ' s  effor t ,  with respec t  to vapor p r e s s u r e  m e a s u r e m e n t s ,  
was concentrated o n  evaluating fluids with low pour point and good lubrici ty ,  
e. g. , the HCP- 1800 batches and the final candidate fluid,  HCP-2800. 
Elementa l  analyses ( see  Table 2 )  of HCP-1800, Batch No.  1 a r e  
fa i r ly  consistent with theoret ical  values;  the average molecular  weight i s ,  
however ,  somewhat high. N .  M. R .  spectroscopy also indicated impuri ty .  
Batch No.  2 i s  obviously not the s a m e  composition. Batch No.  3 values a r e  
very close to the theoretical;  N.  M. R.  spectroscopy,  however ,  indicated an 
" i somer ic"  mixture ,  a s  well a s  some  phenyl sulfide contamination. 
Batches 4, 5, 6 and 7 were  pure a s  indicated by both elemental  analyses  and 
spectroscopy.  It should be noted that Batch No.  4 s t i l l  contained very  slight 
t r a c e s  of ( a )  some  impurity and (b )  phenyl sulfide, which impuri ty  effectively 
lowered the pour point of the pure product ( s e e  Table 4).  
Vapor p r e s s u r e  and evaporation r a t e  measu remen t s  w e r e  pe r fo rmed  
with all  of the above ba tches ,  mainly to ( a )  de t e rmine  the effect of " i somer i za -  
tion" on the volatility of HCP-1800, (b )  de te rmine  the effect of t r a c e  quanti- 
t ies  of the relatively high volatility phenyl sulf ide,  especial ly  in the low 
tempera ture  range,  and ( c )  observe  the effect  of c lose r  molecular  weight 
control on the calculations,  e. g. , taking the average  molecular  weight of the 
cup residue i n  account. While the calculations f o r  the  first t h r e e  batches 
were  done using the average molecular  weight determinations of the or iginal  
fluid only (as  obtained by vapor  p r e s s u r e  Osmometry ,  s e e  Table  2 )  the values 
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f o r  Batch No.  4,  as well  as for t he  composite batches of HCP-2800 ( the 
f ina l  fluid) w e r e  m o r e  accurately calculated by establishing the  previously 
d iscussed  sp read  of molecular  weight values  between t h e  original fluid and 
the  cup residue.  
Batch 
N o .  
1 
The  data on  the f i r s t  two batches of HCP-1800 a r e  presented  i n  
Table  9; on Batch No. 3 and 4 in Table 10. 
CUP 
(OC) 
Temp. 
22.4 
67. 9 
67. 9 
84. 6 
84. 6 
100.5 
Table  9. Vapor p r e s s u r e  and evaporation rates of HCP-1800, 
Batch No. 1': and No. 2:K:b 
I 
100.5 --I--- I 20.3  
2 
68. 0 
68. 0 
83. 6 
83. 6 
99. 5 
99.5 
r I 
I 
Evap o r  a t  i o  n 
T ime  
(set) 
Weight 
Loss 
(mg) 
56,100 
900 
900 
600 
600 
300 
300 
32.40 
7. 92 
5. 76 
6. 48 
5. 76 
8. 64 
7.20 
54,000 
900 
900 
600 
600 
300 
300 
112. 32 
12.96 
10. 08 
11.52 
11. 52 
11.52 
10.08 
.b -0- 
,. ,..,,Average , mol. wt. of fluid = 530 
Average mol. wt. of fluid = 333 
E vapor a t  i o n 
Rate 
(g c m - 2  * sec-1)  
2. 87 
4. 38 x 10- 6 
3. 18 x 
5 .37  x 
4. 78 x 
4. 78 x lo- '  
1. 19 
1. 04 x 
7. 16 x 
5.57 x 
9.55 x 
9.55 x l o - 6  
1 .91 
1 .67  
Vapor 
P r e s s u r e  
( t o r r )  
3 .68  x 
6 . 0 2  x 
4 .38  
7 .57  
2 .06  
1.72 
6 .73  x 
1. 36 
1 . 0 1  
7.87 
1 . 3 8  
1. 38 
2 .82  
2.47 
55 
Ratch 
NO. 
3 
4 
Table  10.  Vapor p r e s s u r e  and evaporation.,,rates of 
HCP-1800, Batch No. 3':: and No.  4. "*'" 
CUP 
( O C )  
Temp. 
21 .4  
68. 1 
68. 1 
85. 3 
85. 3 
101.9 
101 .9  
142. 0 
142. 0 
22.6 
68. 4 
68. 4 
102.2 
102.2 
125. 3 
125. 3 
141. 8 
141. 8 
~ 
Evaporation 
Time 
(set) 
50,400 
1,800 
1,800 
1 ,800  
2 ,700  
900 
900 
300 
300 
55,800 
1 ,800  
1 ,800  
1 ,800  
1 ,800  
900 
900 
300 
300 
Weight 
Loss 
( m g )  
73.44 
10.08 
6.48 
7.20 
4. 32 
3. 60 
2 .  88 
18. 72 
20.88 
7 . 2 0  
2. 88 
2. 16 
5. 04 
4. 32 
7.20 
7. 92 
12. 96 
14.40 
Evaporat ion 
Rate  
(g cm-2  s e c - 1 )  
7 .25  
2 .78  x 
1.79 x 
1 . 9 9  x l o - 6  
7. 96 x l o - '  
1 .99  x l o - 6  
1 .59  x l o - 6  
3 .10  
3 .46  
6 .42  x 
7. 96 
5.97 
1.39 x 
1. 19 x 
3. 98 x 
4. 38 x 
2. 15 
2.39 
Vapor 
P r e s s u r e  
( t o r r )  
9.62 x 
3 . 9 9  
2 .57  
2. 91 
1. 17 
2. 98 
2 .39  
4. 89 
5 .46  
8 .43  
1. 14 
2 .09  
1 .79  
8 .54  x 
6 .06  x 
6 .65  x 
3 . 3 5  
3.71 
.I, 7. 
.,..,,Average molecular  weight of fluid = 491 
"'"'Average molecular  weight of fluid = 488; CUP res idue  = 530 
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The average vapor p re s su re  values a t  each t e s t  t empera tu re  of the 
subject  batches a r e  plotted V S .  1000/oK on semilog paper in Figure 10. 
Examination of the data indicates that 
1. 
Figure 10 .  Vapor P r e s s u r e  of Various 
Batches of HCP - 1800 
Increased efficiency in synthetic and purification techniques 
resu l ted  in ever  -decreasing vapor p r e s s u r e s  in the lower 
tempera ture  range. 
phenyl sulfide (and other possible low molecular  weight 
ma te r i a l )  contamination. Note that I. R. and N .  M. R.  studies of 
the cold t r a p  residue of the f i r s t  th ree  batches conclusively 
indicated considerable amounts  of phenyl sulfide. Only an 
insignificant amount was found in the case  of Batch No.  4. 
This i s  a c l e a r  indication of reduction in 
2 .  Since the first two batches were  r a the r  impure  a s  compared  to 
the following ones,  the f ina l  vapor p i e s s u r e  slope (drawn by eye )  
is purposely biased by the data of the l a s t  two batches.  
m o s t  impure  Batch N o .  2 is  included, mos t ly  to show that the 
vapor p r e s s u r e  values a r e  not only useful in indicating the dif-  
fe rences  in molecular s t ruc tu re ,  but their  proximity points out 
the fact  that  efficient purification of the final product i s  feasible 
only in t e r m s  of phenyl sulfide removal .  
The 
3 .  The vapor p r e s s u r e  differences between Batch No .  3 and 4 (the 
" isomeric"  mixture  and the s t ruc tura l ly  c o r r e c t  product,  
respect ively)  a r e  more pronounced in the low than in the higher 
57 
t empera ture  range .  
batches a r e  quite c lose .  
b e  attributed to  phenyl sulf ide,  as  well  as preferent ia l  evapora-  
tion of any lower boiling i s o m e r .  
In fac t ,  above -180°F, the values of both 
The low t empera tu re  range sp read  may  
4. Generally, the volatility of HCP-1800 is as low, o r  lower than, 
m o s t  aerospace fluids (see OS-124 vapor p r e s s u r e  curve  
included for  compar ison) .  Note that the values above -15OOC 
(-300OF) should be considered as extrapolated approximations 
only. 
The volatility of HCP-2800 (mixture  of Batch No.  3 and 4)  is given in 
Table 11 and i s  indicative of that  o f  the f inal  blend of all  batches;  in F igure  11 
the average  vapor p r e s s u r e  values are  plotted. 
pa ra l l e l  with, and somewhat lower than that of HCP-1800 is consis tent  with 
expectations in view of the homologous na ture  of HCP-2800. 
phenyl sulfide could be  detected in the cold t r a p s  after the vapor p r e s s u r e  
determinat ions.  
The fac t  that  the s lope is 
Note tha t  no 
Table 11. Vapor p r e s s u r e  and evaporation r a t e s  of HCP-2800, 
Batch No.  3 and 4 Combined 
67. 6 
67. 6 
102 .5  
102 .5  
117. 1 
117. 1 
133. 2 
133.2 
149. 3 
149. 3 
165. 9 
165. 9 
E vapor a t  ion 
Time 
(set 1 
1800 
1800 
900 
900 
900 
900 
600 
600 
300 
300 
300 
300 
Weight 
Loss 
(mg)  
5. 04 
5. 04 
10. 08 
7. 92 
10. 80 
9 .  36 
12. 96 
11. 52 
12. 96 
12 .24  
22.32 
25. 92 
Evaporation 
Rate  
(g .  c m  -2 .  s e c  -1 ) 
1 . 3 9  x 
1 . 3 9  x 
5 .57  x l o - 6  
- 6  4 .38  x 10 
5 .97  x 
5. 17 x 
1 . 0 8  
- 6  9 .55  x 10 
2 .  15 x lo- ’  
2. 03 
3. 70 
4 .30  
Vapor 
P r e s  s u r e  
( t o r r )  
1. 81 
1 .81  
7 .54  
5. 91 
7 .  0 3  
1 .31  
~ 9 4 ~  
2 .77  
4 .99  
5 .74  
8. 14 x 
1 . 4 8  x 
Average molecular weight of fluid = 587; cup res idue  = 729 
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f x 10’ 
4W 3XI IW 2Y) 200 150 iW XI 25 
‘C 
Figure  11. Vapor P r e s s u r e  of Mixed 
Blends of HCP-2800 
F. LUBRICITY 
1.  Descr ipt ion of the Apparatus and T e s t  Method 
During the f i r s t  year  of this p r o g r a m  the Sneil  4 -Bal l  T e s t e r  w a s  
ut i l ized in screening  the initial f luids f o r  lubrici ty .  
this  appara tus  i s  i ts  widely accepted u s e ,  and the ready availabil i ty of com-  
pa ra t ive  da ta .  
w a s ,  however ,  soon questioned, s ince  (a) a t  l e a s t  8. 5 ml of a sample  is 
r equ i r ed  for  each t e s t  (the used product  is obviously non-recoverable  unless  
extensive purification techniques a r e  developed);  (b) the procedure  p e r  
F e d e r a l  T e s t  Method Standard N o .  791a, Method 6514.1 i s  not  exact ly  ideal  
to de te rmine  the boundary lubricating quali t ies of  fluids at low operat ing 
veloci t ies  comparable  to valve closing and opening speeds ( t e s t  conditions:  
1 2 0 0  r p m ,  10 kg load, 2 hours  testing a t  400°F), and ( c )  the c o s t  of each  t e s t  
is considerable .  
The ma in  advantage of 
The applicability of the 4-Bal l  T e s t e r  to the p r e s e n t  p r o g r a m  
Since m o s t  of the syntheses of the p r e s e n t  effor t  yielded only v e r y  
s m a l l  quantit ies of the end product, i t  w a s  decided that  i t  would be valuable 
t o  develop a wear  t e s t  procedure which would uti l ize only a ve ry  s m a l l  
amount  of a fluid lubricant ,  but s t i l l  give s o m e  rel iable  indication of i t s  
lubr ic i ty .  
s tabi l i ty  t e s t  and a re ta in  sample,  a means  of evaluating lubrici ty  w a s  
developed which would r equ i r e  no m o r e  than -1. 5 mi l l i l i t e r  of fluid. 
In o r d e r  to have enough m a t e r i a l  available for both the radiat ion 
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The LFW-1 t e s t  machine was cons idered  because  of the 
wel l -es tabl ished repeatabil i ty of s e v e r a l  t e s t  p rocedures  (References  10 ,  1 1 ,  
1 2 ,  13 ) .  
ence 14). The general  operating pr inciple  of the LFW-1 i s  i l lus t ra ted  in 
F igure  12 .  
( requi r ing  approximately 200  ml  of f luid) 
the machine,  so  that the lower p a r t  of the t e s t  r ing j u s t  dips into the oil .  
the  p r e s e n t  c a s e ,  it was decided to u s e  wick feeding out of a v e r y  small 
cy l inder ,  the wick to be in d i r ec t  contact with the r ing .  
cons t ruc ted  to fi t  on the face of the LFW-1 t e s t e r ,  uti l izing the existing 
threaded  holes  f o r  the o i l  r e s e r v o i r  ( t rough) .  
loading sp r ing ,  a r e  shown in F igure  13. 
wick holder  a f t e r  adjusting it in  posit ion.  
rec tangular  blocks were used.  
(Rc 58-62) .  
The machine itself has  been adequately desc r ibed  e l sewhere  ( R e f e r -  
Oils  a r e  ord inar i ly  evaluated in a rec tangular  a luminum trough 
which fits snug aga ins t  the face of 
In 
A s m a l l  device was 
The device and wick, with i ts  
The wing nut i s  used  to c l amp  the 
P rec i s ion -g rade  t e s t  r ings and 
Both were  machined f r o m  oi l -hardened  s t e e l  
PARTIAL SECTION THROUGH 
CENTER OF MAIN SHAFT 
n 
SELF-ALIGNING BLOCK 
POSIT1 ONER 
TEST LOAD APPLIED 
BLOCK THROUGH 
HOLDER KNIFE EDGE RECTANGULAR TEST BLOCK 
I I 
COMPOUND MAIN PIVOT 
LEVER (NEEDLE BEARING) 
Figure  12.  LFW -1 T e s t e r ,  Genera l  Operat ing P r inc ip l e  
In b r i e f ,  a smal l  piece of round fel t  is  placed in a tube,  charged  with 
the lubricant ,  and  spring loaded aga ins t  the pre- lubr ica ted  t e s t  r ing.  In the 
unloaded condition, the ring i s  rotated fo r  10 cycles  to fu r the r  d i s t r ibu te  the 
60 
. 
1-1 , TEST BLOCK 
SPRING SCREW CAP 
- 
t-+-I- Y/ r  
Figure 13. L F W - 1  Wick Feeding Device 
lubricating oil.  
in one-pound increments  applied to the bale rod a t  one-minute  intervals .  
The load which causes  the onset of loud, continuous, high-pitched s c r e a m i n g  
noise (indicating breakdown in lubrication) is considered excessive and the 
t e s t  is terminated.  One pound l e s s  than this c r i t i ca l  load is designated a s  
the "O.K.  load". 
The ring i s  then rotated a t  40  rpm" while being step-loaded 
This  f i r s t  determination i s  utilized to indicate the load-carrying 
ability of the fluid and designated a s  a t r i a l  run only. 
the ful l -scale  wear  t e s t  is identical to that of the trial run with r e spec t  to the 
loading sequence. The total  applied load i s ,  however ,  reduced to  one 
pound below the c r i t i ca l  t r i a l  run fai lure  load. On completion of the loading 
sequence the t e s t  i s  continued a t  40  r p m  to 5000 cyc les ,  o r  to failure.  The 
total  applied load of the 5000 cycle t e s t ,  however ,  does not exceed 8 pounds 
under any c i rcumstances ,  regard less  of any higher 0. K.  loads obtained. 
The sma l l  volume LFW-1 t e s t  p rocedure  is a repeatable  method utilizing 
the prec is ion-grade ,  hardened s t ee l  r ings and rectangular  blocks. 
fa i lure  c r i t e r i a  and detailed testing procedure  a r e  attached a s  Appendix V. 
Because  of the wide var iance in the per formance  of both the lubricants  being 
synthesized and the commerc ia l  ma te r i a l s  being used  for compar ison ,  a 
ra t ing s y s t e m  has  been devised, shown in Table 12. 
The init ial  phase of 
The 
2.  Resul ts  and Discussion 
To provide a f r a m e  of re ference  with r e spec t  to the general  pe r fo r -  
mance  of the H C P  fluids compared to seve ra l  be t te r  known lubricants ,  the 
O . K .  loads and ratings of selected H C P  fluids a r e  compared  to those of 
var ious c o m m e r c i a l  lubricants in Table 13. 
:A few t e s t s  were  conducted a t  2 0  and 30 r p m ,  but the dr ive motor  
could not maintain constant speed under  these conditions. 
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Rating 
Number 
l a  
l b  
2 
3 
4 
5 
6 
7 
8 
9 
10 
Table 12. LFW-1 lubricant ra t ings c h a r t  
Maximum Load 
on Bale Rod 
(pound s ) 
8 2:: 
8 
8 
7 
6 
5 
4 
3 
2 
1 
1 
Cycles 
Completed 
(at 40 r p m )  
5 0 0 0 :: :; 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
<5000 
Step - 
Loading 
No  
No  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
Y e s  
- 
- 
;::Highest load used 
::::::Maximum duration. T e s t  stopped at this  point. 
Quantity of 
Debris  
Light 
Heavy 
No  Requirement  
No  Requirement  
No Requirement  
No  Requirement  
No Requirement  
No  Requirement  
No Requirement  
No Requirement  
No Requirement  
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Table 13. LFW-1 lubricant ra t ings  
Lubricant  
DC -200 
HCP 1500 
(Batch No. 3 )  
HCP- C 1500 / 1600 ( 3  /1)  
Batch  No. 2 
HCP-C1500/1600 (1 /3)  
Batch  No. 2 
HCP - 1600 
Minera l  (white) o i l  
HD Motor  Oil  SAE 30 
FS-1265 
OS-124 
HCP - 1800 
(Batch No. 1) 
HCP - 1800 
(Batch No. 3 )  
HCP - 1800 
(Batch No. 6)  
HCP-1900 
(Batch No. 1) 
HCP -2800 (F ina l  
mixture of all 
batches ) 
Viscosi ty  a t  
77OF (cs)  
32 
40 
32 
54 
6500 
172 
2 00 
300 
800 
-3 : :: :: 
20 
60 
100 
32 
1 
1 
1 
2 
3 
8 
11 
13 
:k :I 
> 9 ::: :: : : 
17 
: :k 
>1 .L ,- .L e,. 1- .L .L -0-
.I, .*, 
2 1 ‘I’ “’ 
Rating 
Number  
9 
9 
9 
8 
_J, ,I. 
l b  
l a  
la 
l b  
2 
3 
2 
2 
2 
:::Too viscous f o r  5000 cycle run.  
:;::::Limit of the test machine.  
:::::::::Estimated, see Table  6 .  
Tes t  te rmina ted  because of high F K .  
Appendix V .  
N o  failure p e r  cri teria in .J. .!, .!, .!, ,. ,,. ,. ., 
63 
It should be noted that  the load-car ry ing  capabili ty of the fluid i s  
dependent on (a )  its viscosity at the operat ing t e m p e r a t u r e s ,  (b)  its chemica l  
composition, stability and boundary lubricat ion capabili ty by su r face  react ions 
(if a n y )  and ( c )  the thickness of the elasto-hydrodynamic f i lm,  which i s  in 
tu rn  a function of not  only the v iscos i ty  but the rotat ional  speed as well. 
The slow 40 r p m  rotational mode of the mini-volume t e s t  s tandard izes  the 
speed fac tor .  The interact ion of fluid viscosi ty  and lubrici ty  is ,  however ,  
r a t h e r  complex and difficult to fully in t e rp re t  (i.e., a be t t e r  lubr icant  runs  
cooler  than a poor one; the viscosi ty  and the EHD fi lm thickness  a t  any 
pa r t i cu la r  t e s t  t empera ture ,  therefore ,  becomes a function of lubrici ty) .  
Never the less ,  the method proves i tself  useful in sc reening  lubricants  by 
( a )  additional determination of the 5000 cycle  wea r  t e s t ,  (b)  observat ion of 
the wear  deb r i s  formed and ( c )  notation of possible  gel formation.  
the rat ings c h a r t  (see Table 12) specif ies  no requi rement  in t e r m s  of gel 
formation,  wear  sca r  width o r  s c a r  condition, the observat ion of t hese  addi-  
t ional p a r a m e t e r s  helps in determining total  per formance .  
Although 
The following conclusions and observat ions may  be drawn f r o m  the 
data  in Table 13: 
1. 
2. 
3 .  
The tes t  method provides  a sui table  means  of ra t ing lubr icants ,  
one which compares  well  with s tandard  wea r  t e s t s .  
m i t s  separat ion of lubricants  general ly  cons idered  "fair" to 
I 1  poor"  f rom those cons idered  "good" o r  "excellent".  Note,  for 
example,  that  FS-1265 (300)  gives excel lent  ant iwear  p e r f o r -  
mance  on both the Fa lex  T e s t e r  and the Shell  4 -Bal l  T e s t e r ,  
while the r e su l t s  with DC-200 a r e  r a t h e r  marg ina l  (Reference  1) .  
Its u s e  p e r -  
The sensit ivity of the new t e s t  i s  indicated by the separa t ion  of 
the two cohydrolysis products :  C1500/1600 ( 1 / 3 )  and C1500/ 
1600 (3 /1) .  The second m a t e r i a l  contains cons iderably  m o r e  
chlor ine,  and has  a h igher  viscosi ty;  it would, t he re fo re ,  be 
expected to provide be t t e r  ant iwear  than the f i r s t .  
The load-carrying abi l i t ies  of HCP-1800 and HCP-2800 may be 
attr ibuted in l a rge  p a r t  to the i r  chemica l  composi t ion,  s ince  
r o o m  tempera ture  v iscos i t ies  of the var ious  batches a r e  roughly 
equivalent to those of HCP - 1500 and the C 1500 / 1600 cohydrolysis  
products.  
thio linkage ( H C P -  1800 and HCP-2800) h a s  apparent ly  improved 
the low-temperature  and lubricat ing c h a r a c t e r i s t i c s  of this  
ma te r i a l  family simultaneously.  The possible  shor tcomings  of 
the sulfur  compounds m a y  lie in cha rac t e r i s t i ca l ly  unpleasant  
odor  caused by t r a c e  quantit ies of phenyl sulfide (the pure com-  
pounds have no d iscern ib le  o d o r )  and the fac t  tha t  they tend to 
gel during the fr ic t ion t e s t .  
and gel was observed  in DC-200 s i l icone fluids a s  well .  
of si l icones is a well-known phenomenon (Reference  15) and i s  
considered a m a j o r  drawback in the i r  u se  under  boundary 
conditions, 
Replacement  of the e the r  linkage (HCP- 1500)  with a 
Incidentally, a tendency to thicken 
Gelation 
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4. The friction and wear cha rac t e r i s t i c s  of HCP-1900 f a r  s u r p a s s  
those of the non-chlorinated homolog. Note that the O . K .  load 
determination of HCP-1900 was terminated a f te r  19 pounds of 
bale rod load simply because  the magnitude of the sensed  friction 
force reached  the limit of the force t r ansduce r .  No high-pitched 
s c r e a m  o r  s e v e r e  scraping could be noticed. In addition, while 
gelation and black discolorization of the HCP-  1800 and HP -2800 
batches were repeatedly observed  during the 5000 cycle friction 
testing, and formation of copious wea r  debr i s  was noted 
(average high-pressure block wear  s c a r  width = 0. 0 7  inch),  
HCP -1900 retained its color  and fluidity during comparable  t e s t s  
with no manifestation of gelation. 
The amount of w e a r  debris formed with HCP-1900 was  negligible ( ave r -  
age h igh-pressure  block w e a r  scar  width = 0.04 inch).  Apparently the incor-  
poration of chlorine a toms  imparts sufficient fluid stabil i ty and provides the 
n e c e s s a r y  sur face  active agent for improved boundary lubrication. 
unfortunate that the pour point of HCP-1900 i s  t3OF; never the less ,  this fluid 
i s  b y  far the bes t  lubricant  synthesized to date,  actually surpass ing  the 
lubrici ty  of HCP -2800,  which exhibited some  gelation and debris-forming 
tendencies.  Since the quantity and type of wear  debris  do not en ter  into 
rat ing consideration, caution must be exerc ised  in interpret ing the 0. K. load 
value and rating number without some  due consideration of debr i s  formation. 
F o r  example,  the heavy duty SAE 30 oil ,  a s  well a s  FS-1265, a r e  known 
h igh-per formance  lubricants .  Nevertheless,  the 0. K.  loads of the HCP 
fluids a r e  higher ,  in spi te  of the fact  that  their  rating numbers  a r e  lower.  
Moreover ,  the gelation and debris generation tendencies of near ly  a l l  HCP 
fluids were  significantly worse  than those of the commerc ia l  lubricants .  
It is  
This phenomenon may be in te rpre ted  only in t e r m s  of sur face  r e a c -  
tions under  boundary conditions. 
e i ther  the motor  oil  o r  the fluorosilicone fluid: never the less ,  under  high 
loads,  the fai lure  c r i t e r i a  (as  set  for th  in Appendix V )  a r e  not reached due 
possibly to sur face  react ions of sulfur products with the s t ee l  subs t ra te .  
It is likely that this boundary layer wea r s  away r a the r  rapidly (thus forming 
copious amounts of debr i s  a s  compared to those formed with the commerc ia l  
lubricants a t  lower loads) ,  but immediately r e f o r m s ,  j u s t  to wear  fur ther  
away. 
a r e  able to demonst ra te  this capability. 
The HCP fluids a r e  poore r  112bricsnts than 
Neither the additives in the SAE 30 oil,  nor the fluorosilicone itself 
Since HCP-1900 apparently provides both sulfur  and chlorine a t  the 
f r ic t ional  interfaces  without the formation of significant quantities of deb r i s ,  
the boundary lubrication qualities of this fluid s u r p a s s  those of the subject 
commerc ia l ly  available lubricants.  
Several  se t s  of s t r ip  char ts  showing the init ial  portion of the loading 
sequence friction force  a r e  presented in F igures  14, 15 and 16. P r e s e n t a -  
tion of these figures i s  designed (a)  to show the repeatabil i ty and sensit ivity 
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3 e c 1 
67 
. 
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of the new method; and (b) t o  indicate the effect of i r radiat ion onHCP-2800 
compared  to that on OS-124. Note that in some  c a s e s  the length of the f r i c -  
tion t r a c e s  at any given load vary f r o m  test to test due to the malfunctioning 
of the c h a r t  d r ive  mechanism;  normally step-loading occur s  in one minute  
intervals  at 40 r p m .  
F igure  14 shows the friction traces obtained with non-irradiated and 
i r rad ia ted  (to 1010 e r g s  /g(C))  OS- 124. 
between the lubr ic i t ies .  
sur face  damage indicated in the c a s e  of the i r rad ia ted  product. 
e v e r ,  obvious that polyphenyl ether has  poor boundary lubrication capabi l i t ies ,  
as indicated by  the s h a r p  increase in friction on repeated loadings. 
Actually, t h e r e  is little difference 
The re  i s ,  pe rhaps ,  a slightly g r e a t e r  amount of 
I t  i s ,  how- 
The  improved boundary lubricating capacity of HCP-2800 is demon- 
s t r a t e d  in F igure  15, where the or iginal  and the i r rad ia ted  HCP-2800, 
Batch No.  1, as well as the original HCP-2800 f inal  batch mixture test 
c h a r t s  are presented.  
4 pounds of load in each c a s e ,  it seems that nei ther  i r radiat ion,  n o r  
var ia t ion in batches appea r s  to change the lubrication c h a r a c t e r i s t i c s  of these  
f luids .  Some variation between these  batches ( in  the original condition) was  
expected, since Batch No. 1 was i r rad ia ted  in a phenyl sulfide-contam'inated 
condition, while the final mixture contains only s l ight  t r a c e s  of this product. 
The friction t r a c e s ,  nevertheless ,  indicate negligible differences.  The 
wear -  in charac te r i s t ics  a r e  significantly be t t e r  than those of the polyphenyl 
e the r .  
Although s o m e  surface damage is indicated after 
F igu re  16 is intended not only to show the repeatabil i ty of the t e s t  
within a given batch, but t o  demonstrate  the effect of puri ty  and the conse-  
quential  i nc rease  in viscosity (and, therefore ,  lubricity) of HCP- 1800. The 
c h a r t s  of test Numbers  41 and 42 a r e  duplicate runs of the 7 lb  step-loading 
pnrtion of the 5060 cycle t e s t  ~f ECP- 1800, Batch No. 1 (viscosity es t imated 
to be 
the  8 lb  step-loading portion of the 5000 cycle test of HCP-1800, Batch No. 6 
(viscosi ty  measu red  at 60 c s  a t  77"F ,  a l s o  see Table 13). Taking the atten- 
uation of the friction readings in account (observe the friction force at ,  and 
after 5 pounds of load in each  case ) ,  the reduced friction and degree  of s u r -  
face damage is apparent  in  the case  of HCP-1800, Batch No. 6. 
30 c s  a t  77"F,  s e e  Table 13), while the c h a r t  of T e s t  No. 78 r ep resen t s  
A portion of this  testing sequence was  focused on the evaluation of 
select ive additives dissolved in HCP- 1500,  Batch No. 3 and HCP-C1500/1600 
( 9 / 1 ) ,  Batch No. 1. These  fluids appeared to  be ideal  base  f luids ,  s ince 
t h e i r  lubricity rating numbers  a r e  only 9 and 8,  respectively (see the modi- 
fied rating char t  enclosed in Table 12); any improvement  on  blending would 
be m o r e  pronounced in these  cases  than i f  HCP-1800 o r  HCP-2800 w e r e  
utilized. 
Note that the L F W  -1 "mini-volume" determination of additive accept-  
ance  consis ts  of a single O.K.  load determination. If this  t e s t  failed to  
uncover a significant improvement,  o r  i f  the pour point of the base  fluid was 
r a i s e d  to  an  unacceptably high value on blending, further consideration o r  
evaluation of the unsuccessful additive terminated.  
6 9  
Data on the pre l iminary  additive mixtures a r e  enclosed in Table 14. 
The data show that the addition of t r ich lororesorc inol  to  HCP-1500 (Batch 
No .  3)  resu l ted  in a threefold improvement  in the O . K .  load of the base  
fluid.  The sizable increase  in its melting point (see Table 51, however,  
negates the beneficial  e f f ec t  of the additive. Neither t r i -p - to ly l  phosphite, 
t r i -p- tolyl  thiophosphate o r  T C P  increased  lubricity.  Triphenylstibine and 
lead naphthenate appear to show s o m e  p romise .  
1970 the addition of 5 percent  T C P  to HCP-1500 resu l ted  in a s m a l l e r  wear  
s c a r  in Shell 4-Ball Wear  Tests conducted at 400°F (Reference 1) .  
Note, however ,  that  in 
Table 14. LFW-1 lubricant  tests on additive blends 
Lubricant 
HCP-1500 (Batch No. 3 )  - n o  additive 
HCP-1500 (Batch No.  3 )  
t 5 %  (by weight) Trichlororesorcinol  
HCP-1500 (Batch No.  3 )  
+5';r, (by weight) Tripenylstibine 
HCP-1500 (Batch No.  3 )  
t 3 %  (by weight) Tri-p- tolyl  phosphite 
HCP-1500 (Batch No.  3 )  
t 3 %  (by weight) Tri-p- tolyl  thiophosphate 
HCP-1500 (Batch N o .  3 )  
t 5 %  (by weight) T C P  
HCP -C 1500/  1600 ( 9 /  1) - no additive 
HCP-C1500/ 1600 ( 9 /  1)  
t 3 Y 0  (by weight) Lead naphthenate 
Maximum O.K.  
Load in Step Loading 
P r o c e d u r e  
3 lbs  
2 lbs  
1 lb 
1 lb 
1 lb 
2 lbs  
3 lbs  
The  special  f ix ture  and test method which have been devised fo r  the 
L F W  -1 Tester made possible the evaluation of ve ry  small quantities of 
lubricating oi ls .  
required,  ea se  o f  tes t  monitoring, and sensit ivity to both viscosi ty  and 
boundary lubricating quali t ies.  Based  on a l imited number  of tests the 
repeatabil i ty appears  to  b e  good. 
The method has  the advantages of s implici ty ,  small volume 
In agreement  with the P r o j e c t  Manager ,  f u r t h e r  lubricity evaluation 
(e .  g. , t he rma l  vacuum bearing t e s t s  and bearing t e s t s  in  humidity) will be 
I performed in  the Pro jec t  Manager ' s  facil i ty.  
. 
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G. RADIATION STABILITY 
On exposure of organic mater ia l s  to radiant  energy of sufficient 
magnitude, various chemica l  changes take place in the p rocess  of energy  
dissipation. 
followed possibly by other  processes ,  e .  g . ,  splitting of the ionized molecule 
to another ionic f ragment  and a f ree  rad ica l .  
p lace in a par t icu lar  ma te r i a l  depend on the chemica l  s t ruc tu re  of the 
m a t e r i a l  and the type and energy of the i r radiat ion,  a s  shown in Table 15, 
where the data a r e  taken f r o m  Reference 16. 
These  changes include excitation, ionization and bond rupture ,  
The ac tua l  changes that take 
In the case  of organic compounds, carbon-carbon and carbon-hydrogen 
bonds a r e  broken,  a s  well a s  those between carbon and other a toms present .  
These  changes a r e  then followed by  other reac t ions ,  When carbon-hydrogen 
Table 15. Effect of radiation on ma te r i a l s  
Mate r i a l  
Polyphenyl e the r s  
Minera l  oi ls  
Dimethyl si l icones 
Methyl phenyl si l icones 
Chlorinated sil icones 
Dibasic acid e s t e r s  
Sil icate and disiloxane e s t e r s  
Phenolic (fi l led) 
P o l  ye s te  r 
P ol  yte tr  a flu0 r oe th yle ne ' 
~ _ _ _ _ _  
Radiation Dosage 
Requi red  for 
Threshold  Damage 
( e rgs  / g m  (C)::: 
1 x l o l l  
5 x 1o1O 
1 x l o 8  
1 x 1o1O 
5 x l o 9  
5 x 1o1O 
1 x 1o1O 
3 x 1o1O 
9 x l o 9  
6 2 x 1 0  
:::Ergs pe r  g r a m  (carbon) r e f e r s  to the energy  absorbed  by the 
carbon-walled,  C 0 2  -filled ion chamber  selected a s  the 
s tandard.  
m e a s u r e  of the energy  absorbed by the sample .  
The above table is for static i r radiat ion in a i r .  
It i s  indirectly a m e a s u r e  of the field and not a 
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bonds a r e  broken,  the f ragments  produced m a y  lose  m o r e  hydrogen a toms o r  
sp l i t  fur ther  into sma l l e r  f r agmen t s .  They may  a l so  r e a c t  with other  hydro-  
gen a toms to regenerate  the or ig ina l  molecule ,  o r  with other  f r e e  rad ica ls  
p re sen t  to produce molecules  with a higher  molecular  weight. When ca rbon-  
carbon bonds a re  broken, p-elimination of hydrogen a t o m s ,  coupling, and 
disproport ionat ion occur .  
Aromat ic  hydrocarbons a r e  quite s table  to radiat ion,  and much 
higher  dosages a r e  requi red  to  cause  the changes shown. 
stabil i ty is  a t t r ibuted to the resonat ing s t r u c t u r e  of the benzene r ing,  which 
allows considerable  absorpt ion of excitation energy without breaking bonds.  
Incorporation of a romat ic  r ings in a compound will  make  i t  m o r e  s tab le  by 
providing a "sink" to abso rb  the excitation energy .  
The e x t r a  
H H  
I I  +c-c 
I I  
H H  
H 
I 
I 
H 
-c+ + 
H H  H 
I I  I +-c-c* + *c+ 
I I  I 
H H  H 
re act ions 
s i m i l a r  to 
those shown 
at  the right 
H H H  
I l l  +--c-c-c-v 
I l l  
H H H  
X 
H H  / 
I I .  
I l l  
H H H  
+ C - C - C A  t H 
dimer iza t ion  I 
H 
I 
I l l  
H H H  
+C-C=C+ t H *  
H H 
I I 
I 
H 
4-c. t c=c+ 
I 1  
H H  
" I  I 1  viv 4-c-c-c-c-c-c-k 
€!I" H H H  
1 1  1 1 1  
Aromat ic  e thers  are  about a s  s table  to radiation a s  the corresponding 
a romat i c  hydrocarbons.  
m a t e r i a l  and hydrogen gas .  
They both fo rm s o m e  higher  molecular  weight 
7 2  
t 
Aliphatic e s t e r s  a r e  ra ther  unstable to radiation: rupture  of the 
e s t e r  bonds takes place along with the breaking of the carbon-carbon and 
carbon-hydrogen bonds. Again, incorporation of a romat ic  rings inc reases  
the radiation stabil i ty of the whole molecule.  
The radiation resis tance of po lymer ic  si l icone oils i s  notoriously 
poor ,  because  dimethylsiloxane compounds generally undergo breaking of 
carbon-hydrogen bonds in the methyl groups;  this resu l t s  in coupling ( c r o s s  - 
linking) and hydrogen evolution. When the methyl  groups a r e  replaced by 
phenyl groups,  however,  l a rger  doses  of radiation a r e  required to cause  
comparable  amounts of degradation. 
A fluorocarbon polymer such a s  poly(tetrafluoroethy1ene) is readi ly  
degraded  by radiation. The polymer chain is broken (carbon-carbon bond 
rup tu re ) ,  a s  well a s  carbon-fluorine bonds, result ing in low molecular  
weight f ragments  with olefinic bonds. I r radiat ion of fluorocarbon e t h e r s ,  
such a s  poly (hexafluoropropylene e t h e r ) ,  causes  depolymerization and 
formation of volatile products by the s a m e  mechan i sms ,  but the presence  
of the e ther  groups makes  these m o r e  s table  than the s t ra ight  f luorocarbons.  
The damage done to organic lubricants  by radiant  ene rgy  affects 
virtually a l l  the physical propert ies  that  a r e  generally used  to cha rac t e r i ze  
these  ma te r i a l s  : viscosity,  volatility, pour point, acidity,  t h e r m a l  stabil i ty,  
and many o the r s .  
m a t e r i a l  to lubricate .  
t i m e s  both, in mix tu res ) .  
tion a r e  associated with elevated pour  points and reduced volatility. 
d e c r e a s e s ,  caused  by bond f rac ture ,  a r e  general ly  accompanied b y  signifi-  
can t  i nc reases  in volatility, which severe ly  limit the high t empera tu re  u s e -  
fu lness ,  even when viscosi ty  changes a r e  smal l .  
In turn ,  these downgrade the p r i m a r y  capability of the 
Thus viscosity can ei ther  increase  o r  dec rease  ( s o m e -  
The inc reases  due to crosslinking and polymer iza-  
The 
Increases  in acidity resu l t  f r o m  the radiation -induced formation of 
f r e e  radicals  in the p re sence  of oxygen. 
inherent  o r  built-in cor ros ion  protection in the lubricant,  and hastens the 
degradation a t  high tempera tures .  
This can  rapidly use  up any 
Increasing the range and effectiveness of radiat ion-resis tant  lubr i -  
can ts  by incorporating additives does not appear  to be a fruitful  approach. 
They opera te  with grea tes t  effectiveness in fluids which have  inherently 
poor  radiation stabil i ty,  and even in these cases  do not improve the c o m -  
pounds to the point of equality with polyphenyls, polyphenyl ethers, e tc .  
Ce r t a in  f r ee  rad ica l  scavengers  (e .  g . ,  iodobenzene) a r e  very  effective in 
d i e s t e r s ,  but they a r e  consumed during radiation, and f o r m  insoluble com-  
pounds. 
oxidants,  even without radiation. 
inhibitors (antioxidants) undergo only sl ight damage under d i r ec t  radiation 
at tack but a r e  rapidly consumed in oil  solution by reaction with f r ee  rad ica ls .  
In addition, some antirads des t roy  the effects of ce r t a in  an t i -  
It i s  of i n t e re s t  that  a romat ic  oxidation 
The common cor ros ion  inhibitors a r e  generally not radiat ion-  
res i s tan t ,  for  example,  long-chain fat tyacids  and e s t e r s .  Metal  and non- 
m e t a l  s a l t s  of a romat ic  petroleum sulfonates offer s o m e  re s i s t ance ,  however .  
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This  applies to alkylated naphthalene der ivat ives ,  and m a y  be extended to 
sa l t s  of alkylphenyl sulfides. 
e f for t  to tailoring radiation-resistant,  stable molecules  that  would withstand 
the requi red  dosages,  ra ther  than trying to salvage fluid proper t ies  by addi-  
t ives of questionable effectiveness.  
In this connection, Hughes devoted all of the 
1. Description of the Apparatus  and T e s t  Method 
Irradiat ion of a l l  s amples  was conducted in the Hughes 7000 Curie  
Cobalt-60 source .  
1010 e rgs  / g r a m  (carbon).  
The t ime of exposure was calculated to give a dosage of 
In 1970, each lubricant was i r rad ia ted  in both a deaerated s ta te ,  
under  vacuum (-10-6 t o r r ) ,  and under  no rma l  a tmospher ic  conditions (with- 
out deaerat ion) .  
the degassed  condition, under vacuum only, because  ( a )  the f i r s t  round of 
testing indicated a negligibly s m a l l  effect of oxygen on the degree of fluid 
degradation with disubstituted siloxanes ( see  Reference  1 ) ;  (b)  a space lubr i -  
cant,  in spi te  of the presence of labyrinth s e a l s ,  would soon undergo degassing . 
af te r  launch and ( c )  l e s s e r  number of s amples  p e r m i t  m o r e  thorough evalua-  
tion within the allotted t ime and funding. 
During the cu r ren t  effor t ,  the lubricants were  i r rad ia ted  in 
Special  i r radiat ion containers w e r e  designed and built ent i re ly  of g lass .  
The "a tmospher ic"  containers were  stoppered with vented ground g lass  
joints.  
t e s t  tubes with ma le  ground glass  joints.  
dia .  ) 3 inches f rom the bottom of the tube formed a bulb. 
able to hold -30 ml of fluid. 
f r o m  0. 5 to 20 ml. 
vacuum a r e  given in Appendix VI .  
The vacuum vials were  fabricated f r o m  1. 2 in. dia. x 5 in. long 
A pre-blown constriction (-1/4 in. 
Each container was 
The volumes of i r rad ia ted  lubricants  ranged 
The details  of degassing and sample  preparat ion under 
2 .  Resul ts  and Discussion 
During the f i r s t  round of i r rad ia t ion  s tudies  HCP-1500 Batch No.  1 
and 2 were  the only experimental  fluids exposed to radiation. 
pour  point changes,  compared to OS-124, a r e  given in  Table 16 for the 
r e a d e r ' s  convenience. 
e r t i e s  of the polysiloxane DC-200, the appea rances  of the polyphenyl 
e the r  and the silicone fluid a f te r  i r rad ia t ion  a r e  shown in F igure  17. 
plete gelation of the si l icone, originally 10 centistokes i s  immediately 
apparent .  
Viscosity and 
To show the dramat ic  change in the flowing prop-  
Com- 
P o u r  point and viscosity changes in  the m o r e  significant products of 
the second y e a r ' s  e f fo r t  (the thioether f luids)  a r e  a l so  indicated in Table 16. 
The r e su l t s  therein show that 
1. All thioether fluids tend to thicken somewhat  on i r rad ia t ion  but 
to a l e s s e r  degree than OS-124. The effect of gamma radiation 
on HCP-1500 is indeterminate ,  s ince in one c a s e  some  sc iss ion  
(because there  were  some  volati les p re sen t )  and in the o ther  
some  crosslinking a r e  indicated. 
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Lubricant  
Designation 
DC -200 
(10 c s )  
OS-124 
HCP-1500 
Batch No .  1 
(clear) 
HCP-1500 
Batch No.  2 
(da rk )  
HCP-1800 
(Batch No .  3)  
HCP - 1800 
(Batch No. 6)  
HCP - 1900 
(Batch No. 1 )  
HCP-2800 
(Batch No .  1 ) 
(1)  Vendor 
2 .  The g r e a t e s t  degree of viscosity change among the HCP fluids 
occur red  with HCP- 1900, the chlorinated thioether  homolog. This  
phenomenon is  consistent with p a s t  findings on reduced radiation 
s tabi l i ty  of chlorinated sil icones (see Table 15).  In addition, on 
opening the radiation vial ,  the  biting odor  of hydrochloric ac idwas  
unmistakable,  suggesting the sites of sc i ss ion  and crosslinking. 
Viscosity in 
P o u r  Poin t  (OF) Centis tokes 
Non-  I r radiated Temp. Non - I r rad ia ted  70 
Ir radiated (Vacuum) I r rad ia ted  (Vacuum) Change 
00 
00 
(2 1 
(2 1 
1) 
(1 1 
-85' 1) 
210°F 4.2 
t 4 0  t45 100°F 359.0 387. 1 t 7 .  3 
( 2  ) 100°F 9. 2' 
210°F 12.36 12. 66 t 2 . 4  
-35 -25 1OO:F 31.32 29.90 - 4 . 5  
210 F 5. 61 5 . 4 4  -3 .0  
-10 -15 1OOEF 52. 70 56. 83 t 7 .  3 
210 F 6. 63 6. 82 t 2 .  8 
-53 -5 1 100°F 12.81 13 .45  t 4 .  8 
210°F 3. 09 3 .40  t 9 .  1 
-15 -15 1OOZF 32.56 34. 18 t 4 .  7 
t 3  t 2  1OOZF 54.90 69. 55 t 6 .  7 
210 F 6 .22  7. 24 t l .  4 
-65 -6 1 100°F 10.89 11. 1 9  t L .  7 
210°F 3. 09 3. 15 t 2 .  1 
210 F 5. 29 5.36 t i .  3 
da ta .  
3 .  HCP-2800 suffered the least change among a l l  the Hughes fluids. 
It should be noted, however, t ha t  th i s  first batch of the t r is i loxane 
homolog was  i r radiated in a phenyl sulfide-contaminated condition 
( 8-10 w/o  content) due to  unavailability of the vacuum-disti l led 
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F i g u r e  17. Appearance of Baseline F lu ids  in  t h e i r  I r rad ia t ion  
Containers  After I r radiat ion (-1 010 e r g s  / g m  C )  
a .  OS-124, vacuum sea led  vial  
b .  OS-124, a tmospher ic  vial  
c .  DC-200, grade  500, vacuum sea led  vial  
d.  DC-200, grade  500, a t m o s p h e r i c  v i a l  
sample  at the scheduled i r rad ia t ion  start (note the anomalously 
low pour  point). 
uct ,  as indicated by N. M.R.  spec t roscopy ( s e e  d iscuss ion  in the 
appropr ia te  sec t ion) ,  additional amounts  of phenyl sulfide would 
have no de t r imenta l  influence on the radiation effects i m p a r t e d  to 
the basic  HCP-2800 molecule. (If t h e r e  i s  any effect ,  the s table  
s t r u c t u r e  of the contaminant suggests  additional shielding aga ins t  
fu-rther decomposition.)  0 . 5  m l  of the final HCP-2800 w a s ,  n e v e r -  
t h e l e s s ,  i r r a d i a t e d  and examined spectroscopical ly  ( s e e  Appendix I, 
F i g u r e s  1-16 and 1-17) for evidence of decomposition. T h e r e  w e r e  
no d iscern ib le  differences between the s p e c t r a  of the var ious 
ba tches ,  with possible exceptions in the s i z e s  of the respec t ive  
a r o m a t i c  proton peak a r e a s  and slight var ia t ions in methylic 
mult iplet  spli t t ing . 
Since phenyl sulfide is the p r i m a r y  sc i ss ion  prod-  
4. In each c a s e ,  the pour point w a s  e f fec ted  to a significantly l e s s e r  
d e g r e e  than the viscosi ty .  
5. The degradation of the polydimethylsiloxane fluid was catastrophic .  
Densi t ies  and the re f rac t ive  indices of the fluids before  and a . f te r  i r ra -  
diation w e r e  closely monitored a s  well. The data a r e  presented  in Table 17. 
Density m e a s u r e m e n t s  w e r e  per formed with g l a s s  pycnometers  in accordance  
with FTMS 791, Method 402. 2 ,  while the nD values  w e r e  de te rmined  by the 
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Table 17. Density and refract ive index changes on i r radiat ion 
Irradiated 
(Vacuum) 
1.1941 
1.1016 
1.1080 
Lubricant  
Designation 
OS-124 
HCP - 1500 
(Batch No. 1 )  
HCP - 1500 
(Batch No. 2 )  
HCP-1800 
(Batch No. 3 )  
~~ 
Non- T e m p  I r rad ia ted  Temp 
I r rad ia ted  (OC) (Vacuum) (OC) 
1. 6325 20 1. 6327 20 
1. 5634 22 1.5605 21 
1. 5632 22 1.5605 21 
HCP - 1800 
(Batch No. 6)  
- - - -  
HCP - 1900 
(Batch No. 1 )  
1.5957 21 1. 5948 21 
HCP-2800 
(Batch No. 1 ) 1.1093 
Density 
(g / c  
1. 5992 21 1.5991 21 
Non- 
I r rad ia ted  
1. 1914 
- - - -  (1 1 
1. 1084 
1. 1098 
1. 1874 
1 .  1076 
I (1)  Not measu red .  
t t  25OC 
n 3  1 D n 
1.1158 I 1.6083 I 21 I 1.6090 1 21 
I I I I 
I I I I 
1.1902 I 1.6100 I 21 I 1.6131 1 2 1  
u s e  of a Zeiss  Model No. 323185 re f rac tometer .  
obviously negligible. 
existing, a l l -glass  i r radiat ion containers ,  chemical  degradation of the 
products  is indicated by (a) spectroscopy ( s e e  the appropriate  sect ion)  and 
(b )  e lementa l  analyses  of the f luids ,  not only in the p repa red  but a l s o  in  the 
i r r a d i a t e d  condition. 
degradation a re  not known, no r  is the stoichiometry of the degradation 
react ions pinpointed. Nevertheless ,  the small changes in  e lemental  analyses  
and in the molecular  weights may b e  attr ibuted to fluid s tabi l i ty ,  as shown by  
the data in Table  18. This  table contains the elemental  analyses  and average  
molecular  weights of the thioether fluids before and after i r rad ia t ion .  
The respect ive changes are 
Since measu remen t  of gas evolution could not be  per formed with the 
Admittedly, the detailed mechanisms of radiation 
The negligible differences i n  e lemental  analyses  and molecular  
weights, supported by I. R. and N .  M. R. spectroscopy,  a r e  indications of only 
s l igh t  deg rees  of chemical  degradation of the HCP fluids. 
additional per formance  da ta ,  including pour point, viscosity and lubricity,  sub- 
s tan t ia te  the fac t  that  the non-chlorinated thioether si loxanes (HCP -1 800 and 
H C P  -2800) are  excellent radiat ion-resis tant  lubricants.  
In pa r t i cu la r ,  
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Table 18. Effect of i r radiat ion on the elemental  analyses  and 
average molecular  weights of HCP f luids(1)  
Compound 
Designation c Yo 
HCP - 1800 non-irradiated 67. 08 
(Batch No .  3 )  i r radiated 66. 92 
HCP - 1800 
HCP-  1900 
(Batch No .  1 )  i r radiated 58.80 
HCP -2800 non-irradiated 64. 91 
(Batch N o .  1 )  i r radiated I 67.09 I 
12.54 497 
12.57 
12. 52 
5.23 10.02 10.91 12.35 562 
5.69 12.03 13.17 
- 5 . 9 8  11.24 13.02 483 
I I (1 )  F o r  theoretical  values of pure  compounds see Table  2. 
H. THERMAL AND OXIDATION STABILITY 
The ini t ia l  decomposition t empera tu re  is reached  when the rma l  f r a g -  
mentation of the molecule causes  a measurable  change in vapor p r e s s u r e  and 
evaporation rate,  and can s e r v e  as a guide to the upper t empera tu re  pe r fo rm-  
ance limit of a potential lubricant .  
The oxidation r e s i s t a n c e  of inhibited and m o s t  uninhibited organic  
materials dec reases  rapidly as the t empera tu re  is r a i sed .  
oxygen is p r e s e n t ,  the oxidation r a t e  of inhibited o i l s  about doubles f o r  each  
lOOC (18OF) rise in tempera ture .  It is ,  however ,  known that the s tabi l i ty  of 
polyphenyls, polyphenyl e t h e r s  and a romat i c  compounds in genera l  is l e s s  
t empera tu re  dependent (Re fe  rence  5 ). 
If sufficient 
Moreover ,  it is recognized that the f lammabil i ty  of fluids is intimately 
assoc ia ted  with oxidation p rocesses  and m a y  be  assoc ia ted  with the rma l  
decompos i t ion.  
1 .  Description of the Apparatus and the T e s t  Method 
The the rma l  and oxidation s tabi l i ty  of se lec ted  batches of HCP-1800 
and the final HCP-2800 mixture w e r e  evaluated by (a)  differential  t he rma l  
analyses  (DTA) as well as  (b) thermogravimet r ic  ana lyses  (TGA) in pure  
argon and oxygen. 
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The ana lyses  w e r e  performed on a du Pont  900 t h e r m a l  ana lyze r  with 
the DTA and TGA at tachments .  
weighed into the sample  cup and purged with the t e s t  gas  for  s e v e r a l  minutes  
before  closing and seal ing fo r  the ana lyses .  
tinuously purged with the respective g a s s e s  while the analyses  were  being 
run .  
During DTA the samples  (-10 m g )  were  
The sample  cups were  a l so  con-  
Aluminum oxide w a s  used in the r e fe rence  cup. 
F o r  the TGA the inter ior  of the furnace  was continuously purged with 
the t e s t  gas during the en t i r e  run .  
0 The heating r a t e  for  all analyses  was 10 C/minute .  
2 .  Resul ts  and Discussion 
The s tabi l i ty  of the thioether fluids was f i r s t  indicated by the DTA of 
HCP-1800, Batch No .  3 in argon and oxygen. The respec t ive  the rmograms  
a re  presented  super imposed  in F igure  18. The r e su l t s  confirm the expec ta-  
tion of good t h e r m a l  and oxidation stabil i ty of thioether  s i loxanes:  this  batch 
a p p e a r s  to be s table  in pu re  oxygen up to -3OOOC (5720F) .  
pretat ion of the cu rves  without additional t he rmograv ime t r i c  data  was ,  
however ,  difficult. 
Complete i n t e r - '  
In o r d e r  to substant ia te  the or ig ina l  findings, samples  of pu re  
H C P - 1 8 0 0  ( f r o m  the mixture  of Batch No.  5, 6 and 7 )  and the f ina l  mix ture  
T. OC ICORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES) 
F i g u r e  18. Differential. T h e r m a l  Analyses of HCP-  1800 
(Batch No. 3)  i n  Various Environments  
7 9  
of HCP-2800 were  subjected to both DTA and TGA in argon and oxygen. 
t he rmograms  of these t e s t s  a r e  shown in F igures  19 through 26. The data 
indicate l i t t le difference in fluid decomposition behavior in the subject  t e s t  
gases ,  conclusively showing stabil i ty up to a t  least 25OOC in all c a s e s .  The 
m o r e  definitive TGA slope of HCP-1800 may  be at t r ibuted to the product ' s  
puri ty ,  while the slower evaporation of HCP-2800, as well  a s  its low init ial  
weight loss  tempera ture ,  m a y  be attr ibuted to the t r a c e  amounts of phenyl 
sulfide and o ther  t race quantities of lower molecular  weight components.  
sl ightly reduced thermal  stabil i ty due to the p re sence  of the somewhat less 
s table  t r is i loxane Linkage cannot be discounted. 
The 
Its 
I. ADDITIVE ACCEPTANCE 
Polysiloxane oils a r e  notorious for  poor additive acceptance.  
concensus among re sea rch  chemis ts  that  in the case of i ne r t  fluids (e.  g . ,  
polysiloxanes o r  fluorinated polyethers)  additive synthesis  m u s t  begin with 
an intermediate  of the final fluid to in su re  solubility. 
It i s  a 
A portion of the c u r r e n t  effor t  was devoted to determining the solubi l -  
ity of var ious additives in the HCP fluids. Initial work (see Reference 1) 
a l ready  indicated that these  experimental  fluids have unusually good additive 
acceptance,  due most  likely to  the introduction of a romat i c  groups in the 
molecule .  
1. Description of the Apparatus and the Tes t  Method 
Small-drop solubility tests were  per formed on spot  plates  to de te rmine  
the feasibil i ty of using additives to improve the lubrici ty  of the low-pour 
point b a s e  fluids synthesized in this  p rogram.  
u r e  was used:  
The following s imple  proced-  
1. 
2 .  
3 .  
4. 
One drop of the exper imenta l  base  fluid was placed in a w e l l  of a 
white spot plate .  
adjusted to a suitable magnification. 
The plate was positioned under  a microscope  
A droplet of a liquid additive o r  a few crys ta l l i t es  of a solid 
additive were deposited at the edge of the fluid drop.  After 
observing the cha rac t e r i s t i c s  of the boundary l a y e r ,  the mixture  
was thoroughly s t i r r e d  at room t empera tu re .  Rapid disappearance 
of schl ieren (in the c a s e  of oi l ) ,  o r  ready  dissolution of the c r y s t -  
a l l i t es  indicated good solubility. 
Any sample that indicated modera te  o r  poor solubility a t  room 
tempera ture  was gently s t i r r e d  and hea ted  over  a sof t  Bunsen 
flame. 
f o r  solubility. 
The w a r m  mixture  was observed  under  the microscope  
The mixture was permi t ted  to cool to  room t empera tu re  and kept 
under constant observat ion to note any re-precipi ta t ion o r  any 
o ther  form of additive separa t ion .  
80 
. 
c 
Figure  19. DTA Thermogram of 
P u r e  HCP-1800 in  Argon 
0 50 100 150 200 250 300 350 400 450 5 W  
T, OC. CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 
F i g u r e  2-. DTA Thermogram of 
P u r e  HCP- 1800 in  Oxygen 
0 50 100 150 2 W  250 300 350 400 450 500 
T. OC. CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 
Figure  21. TGA T h e r m o g r a m  of 
P u r e  HCP-  1800 i n  Argon 
0 50 150 200 250 300 350 400 450 500 
T. OC. CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 
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F i g u r e  22. TGA Thermogram of 
P u r e  HCP-1800 in  Oxygen 
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T, OC. CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 
Figure  23. DTA Thermogram of 
HCP-2800 in  Argon 
0 
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0 50 100 150 ZOO 250 300 350 400 450 500 
T. OC. CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 
F i g u r e  24. DTA Thermogram of 
HCP-2800 in  Oxygen 
0 50 100 150 200 250 300 350 400 450 
T. 'C. CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 
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F i g u r e  25. TGA Thermogram of ; 
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HCP-2800 in Argon 
0 50 100 150 200 250 300 350 400 450 500 
T. OC. CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 
Figure  26. TGA Thermogram of 
HCP-2800 in  Oxygen 
0 50 100 150 200 250 300 350 400 450 500 
T, OC, CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 
Note, again,  that  additive acceptance t e s t s  were  pe r fo rmed  most ly  by 
dissolving se lec ted  additives in HCP-1500 and HCP-C1500/1600 ( see  sect ion 
4. F) and,  occasional ly ,  in other HCP fluids.  
2 .  Resul ts  and Discussion 
The solubili ty data  a r e  compiled in Table  19. 
The r e su l t s  presented  in Table  1 9  continually indicate the excel lent  
additive acceptance of the disubsti tuted dis  iloxane fluid famil ies  under 
investigation. 
additives examined he re in  were  soluble in polysiloxane oils (DC-200) at room 
t e m p e r a t u r e ,  even af te r  p r i o r  h-eating. As might  be  expected, the expe r i -  
menta l  base  fluids a r e  misc ib le  with the polyphenyl e the r  OS-124. 
It should be  noted tha t  none of the commerc ia l  o r  synthesized 
The second batch of HCP-4270 did not,  however ,  continue to  show the 
kind of sa t i s fac tory  acceptance the f i r s t  batch did with T C P ,  phenyl sulfide 
and triphenylphosphine (Reference 1) .  Although this  anomalous behavior  
cannot be definitely explained a t  this  t ime ,  it should be noted tha t  e lementa l  
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Table 19. Additive acceptance of HCP fluids 
B a s e  Fluid 
HCP - 1500 
(Batch No.  3) 
HCP-1500 
(Batch N o .  3)  
HCP - 1500 
(Batch No.  3)  
(Batch No.  3)  
HCP - 1500 
(Batch No .  3)  
(Batch No.  3)  
HCP-1500 
HCP-1500 
HCP-1500 
(Batch No .  3) 
HCP-  1500 
(Batch No.  3)  
HCP -1500 
(Batch No .  3)  
HCP - 1500 
(Batch N o .  3)  
C 1500/ 1600 
C 1500/ 1600 
C1500/1600 
( 3 / 1 )  
( 3 /  1)  
(311) 
Additive 
Trichlorore  s o r c  inol 
(solid) (1 
Tr i -p  -tolyl phosphite 
(liquid) 
Tr i -p  -tolyl thiophos - 
phate (sol id)  
T r ic r e s  yl phosphate 
(1 i quid ) 
Phenyl sulfide 
(liquid) 
Triphenylphosphine 
(solid) 
Molybdenum dialkyl 
dithiocarbamate 
(solid, Molyvan A )  
Antimony dithio - 
carbamate  (sol id)  
Cadmium dithio- 
carbamate (sol id)  
OS - 12 4 (l iquid) 
T riphenyl s tibine 
(solid) 
T r i c r  e s  yl  phosphat 
(liquid) 
Lead naphthenate 
(liquid) 
Miscibility 
at Room 
Tempe r a t u r e  
Good 
Good 
Good 
Good 
Good 
Mode rate 
Mode rate 
Mode r a t e  
Mode r a t e  
to P o o r  
Good 
Good 
Good 
Good 
(1 ) Phys ica l  s t a t e  at room t empera tu re .  
~~~ 
Observation 
Rapid disappearance 
of s w i r l  m a r k s  
( sch l ie ren) .  
Rapid disappearance 
of schl ieren.  
Rapid disappearance 
of schl ieren.  
Rapid disappearance 
of schl ieren.  
Rapid disappearance 
of s ch l i e ren .  
Good miscibi l i ty  on 
heating. No s e p a r a -  
tion on cooling. 
Good miscibi l i ty  on 
heating. No  s e p a r a -  
tion on cooling. 
Good miscibi l i ty  on 
heating. No s e p a r a -  
tion on cooling. 
Good miscibi l i ty  on 
heating. Separation 
on cooling. 
Cloudy mixture .  
Does not c l e a r  up on 
heating. Rapid d i s -  
appearance of 
s ch l i e ren .  
Rapid disappearance 
of s ch l i e ren .  
Rapid disappearance 
of s ch l i e ren .  
Rapid disappearance 
of s ch l i e ren .  
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Table 19. Additive acceptance of HCP fluids (continued) 
B a s e  Fluid 
HCP -C 1500/ 
1600 ( 9 / 1 )  
HCP -1800 
(Batch No .  2) 
HCP-1800 
(Batch No.  2)  
HCP - 1800 
(Batch No .  2)  
HCP - 1800 
(Batch No .  3 )  
HCP-1800 
(Batch N o .  3 )  
HCP-1800 
(Batch No.  3 )  
HCP -4270 
(Batch No.  2)  
HCP -42 70 
(Batch No.  2)  
HCP -42 70 
(Batch No .  2 )  
Additive 
~ _ _ _ _ _ _  ~ 
Lead naphthenate 
Triphenyls tibine 
(solid) 
T r  i c r e s  y l  phosphate 
(liquid ) 
Lead naphthenate 
( 1 i quid ) 
OS 24 (liquid) 
T r i - p  -tolyl phosphite 
(liquid) 
Tri-p- tolyl  thiophos - 
phate (solid) 
T r i ph e ny 1 stibine 
(sol id)  
T r  ic r e s y l  phosphate 
( 1 i quid ) 
Lead naphthenate 
(liquid ) 
Miscibility 
at Room 
Tempe r a tur e 
Good 
Good 
Good 
Good 
Good 
Good 
Good 
Moderate 
Good 
P o o r  
Observation 
Rapid di s appear  an c e 
of schl ieren.  
Rapid disappearance 
of sch l ie ren .  
Rapid disappearance 
of sch l ie ren .  
Rapid di s appearance 
of sch l ie ren .  
Rapid disappearance 
of sch l ie ren .  
Rapid disappearance 
of sch l ie ren .  
Rapid di s appearance 
of sch l ie ren .  
Ei ther  pa r t i a l  solu-  
bil i ty,  o r  formation 
of few thin, needle- 
like c rys ta l l i t es .  
Fluid darkening and 
some  precipi ta te  
formation in tightly 
capped vials  in 
-10 days.  
Immediate  fo rma-  
tion of precipi ta te  
on mixing. 
ana lys i s  and average  molecular  weight measu remen t s  of the second batch 
of HCP-4270 indicated significant deviations f r o m  the theore t ica l  s t ruc tu re  
( see  Table  2). 
s o m e  of the lead naphthenate i somers  in the fluid. 
ing e f fec ts  on the pour point and lubrici ty  of se lec ted  HCP fluids are  d i s -  
cussed  in previous sections ( s e e  sect ions 4. C and 4. F ,  respect ively) .  
Another possible explanation may be the  insolubility of 
Resul t s  of additive mix- 
Attempts were  a l so  made to improve the radiation r e s i s t ance  of 
commerc ia l ly  available liquid space lubricants  by blending them with selected 
m e m b e r s  of HCP f lu ids ,  e. g. , HCP-1800 o r  HCP- 1900,  s ince  l i t e r a tu re  data 
indicate that polynuclear a romat ics ,  in concentrations of -20 volume percent ,  
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11 can provide protection for si l icone oils a t  radiation dosages up to 10 
e rgs /gm(C)  (Reference 17) .  
tion of f r ic t ional  gelation a s  well (Reference 15). 
This protection apparently extends to the reduc - 
Drop solubility tes ts ,  normal ly  used  to de t e rmine  the additive 
acceptance of the  products ,  uncovered that nei ther  HCP- 1800 nor HCP- 1900 
a r e  sufficiently soluble in ( a )  F -50  (chlorophenylmethylpolysiloxane) , 
(b )  FS-1265 ( ~ O O C S ) ,  ( c )  DC-200 (~OOCS) ,  and (d )  Krytox 143AC (perf luoro-  
alkyl polyether) to  permit  the preparat ion of the blends (-20 percent  by 
volume of the Hughes f luids)  for i r rad ia t ion .  
cep t ,  t he re fo re ,  it not usable for  these commerc ia l ly  available fluids. 
The radiation protection con- 
J .  ESTIMATED PROPERTIES 
1. Bulk Modulus 
The propert ies  of the HCP fluids suggest  likely candidacy a s  hydraulic 
fluids in spacecraf t  hydraulic s e rvomechan i sms .  
roca l  of compressibi l i ty)  i s  one of the p r i m e  proper t ies  of any hydraulic 
fluid (because efficient power t r ans fe r  requi res  a high bulk modulus,  low 
compressibi l i ty  liquid), the i so thermal  secant  bulk modulus of HCP-1800 and 
HCP-2800 were  est imated by a method s e t  forth in Reference  18. According 
to this method, the i so thermal  secant  bulk modulus for non-halogenated 
methyl  and phenyl siloxane fluids a t  any t empera tu re  and p r e s s u r e  can be 
de te rmined  f r o m  the s tandard  s ta te  density,  i. e . ,  density a t  a tmospher ic  
p r e s s u r e  and a tempera ture  of 25OC (77OF) .  The authors  c la im that due to 
the e r r a t i c  na ture  of m o s t  bulk modulus m e a s u r e m e n t s ,  resu l t s  calculated 
by this method a r e  likely to be m o r e  accura te  than experimental ly  m e a s u r e d  
values. 
Since bulk modulus ( r ec ip  - 
The calculated moduli for  the subject HCP fluids a r e  compared  with 
(Note that C-e the r s  
those obtained on some p r i m e  space shuttle hydraul ic  fluid candidates ,  e .  g .  , 
sil icone oils and C-ethers  (Reference 6 ) ,  i n  Table 20. 
a r e  modified polyphenyl e t h e r s .  ) 
The data confirm the attainment of the or iginal  goal of the p re sen t  
synthesis  p r o g r a m  - combining the proper t ies  of s i l icones with those of 
a romat ic  e the r s .  
HCP fluids a r e  nearly ar i thmetic  averages  of experimental  values on the 
silicone fluid and C-e ther .  The high compressibi l i ty  of silicone fluids i s  
significantly lowered by the introduction of low-compressibi l i ty  a romat ic  
groups.  
The theoretically sound values of bulk moduli of the subject 
2 .  Surface Tension 
Although n o  conclusive correlat ion can be establ ished between 
wettability ( su r face  tension) and the lubricity of a f lu id ,  many technologists 
p r e f e r  high su r face  tension space  lubricants.  High sur face  tension i s  nor-  
mally assoc ia ted  with reduced sur face  migration and consequently reduced 
86 
Table 20 .  Bulk moduli of HCP fluids and selected commerc ia l  lubricants  
1 O O O F  
I I I so thermal  Secant Bulk 
350°F 
i~ 
MIL -H - 5606 
Silicone o i l  
C -e ther  
HCP - 1800 
212,000 106,000 
195,000 100,000 
340, 000 235,000 
260, 000 144, 000 
I HCP -2800 250,000 132, 000 
vaporization of the sur face  migrated fluid (Reference 6 ) .  F u r t h e r m o r e ,  in 
the case  of hydraulic f luids ,  a relatively high surface tension is des i r ab le  in 
o r d e r  to  minimize leakage through seals. 
The sur face  tension of HCP fluids was  calculated f r o m  bond pa rachor  
values (Reference 19) using the well-known relationship (Reference 20) in 
the fo rm of 
where  
y = sur face  tension in dynes/cm; 
P = bond parachor ;  
P = s tandard  density in g/cm3; 
M = molecular  weight in g. 
The r e su l t s  are  tabulated in Table  21, along with comparat ive values 
obtained wi th  the commerc ia l  fluids included in Table 20. 
Table  21. Surface tension of HCP fluids and selected 
comme r c ial lub r ic  ants  
Lubricant  Designation 
MIL -H - 5606 
Silicone oi l  
C -ether  
HCP - 1800 
HCP-2800 
Surface Tension (dynes /cm) 
at 7 5 0 F  (24OC) 
3 0 :;
2 7::: 
50:: 
40 
35 
I ::Data f r o m  Reference 6 .  
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Again, note the  difference between the values for  the s i l icone and the 
C - e t h e r ,  and the median position of the HCP fluid values.  
K .  GREASE COMPOUNDING 
Compounding of the g rease  w a s  defer red  until screening of the syn-  
thesized fluids w a s  complete. 
ance provided by whatever thickener is  used,  there  was no purpose in 
experimentation of this kind without utilizing the opt imum fluid, HCP -2800. 
Although the re  may  be s o m e  radiation r e s i s t -  
Five outstanding thickeners  were  available;  ammel ine ,  s i l ica ,  indan- 
threne  blue,  copper  phthalocyanine, and sodium N-octadecylterephthalamate.  
Grea te r  effectiveness (with the la t te r  s a l t )  has  been obtained by mixing it 
with o ther  a romat i c  s a l t s ,  such a s  sodium benzoate,  but the use  of these 
ma te r i a l s  m u s t  be weighed against  the known effects of neutrons (in the 
ult imate application) on metall ic ions. An exception would be the copper in 
copper phthalocyanine, since this e lement  i s  a subgroup meta l ,  and s h a r e s  
not only covalent linkages with the bonding nitrogen e lec t rons ,  but coordinate 
linkages with the non-bonding nitrogen e lec t rons .  
plexed, and the molecule i s  ex t r eme ly  s table .  
Hence the copper i s  c o m -  
Various forms of s i l i ca  have been found sa t i s fac tory  as g rease  
thickeners .  Shell Oil g reases  APL 700 and A P L  701 a r e  based  on naphthene- 
and aromat ic  - r i ch  petroleum oi l s ,  thickened with s i l i ca .  
and the si l ica/alkylbenzene g r e a s e s  a r e  probably l imited to about 225 F ,  but 
this does not rule  s i l ica  out a s  a thickener .  
a r e  by compar ison  rapidly degraded by radiation, most ly  by softening. 
Moreove r ,  exposure to neutrons will cause l i thium and sodium soaps to 
become radioactive (Reference 16) .  
These  m a t e j i a l s ,  
Of cour se ,  soaps of fatty acids 
The f inal  choice r e s t ed  on a s i l i ca  (Cabosil)  f i l l e r  to produce an 
NLGI Grade  2 experimental  g r e a s e  sample  f r o m  -15 m l  of HCP-2800 
(Batch No.  1 ) .  
By agreement  with the Pro jec t  Manage r ,  compounding of the g r e a s e  
was pe r fo rmed  by Bray Oil Co. , Los Angeles,  under the technical supervision 
of D r .  Ulrich B. Bray. 
As a point of re fe rence  be fo re  attempting to compound the sample  of 
HCP-2800, a grease  was p r e p a r e d  f r o m  dimethylsil icone fluid (General  
Elec t r ic  SF96,  50  c s . )  using 7.29 weight percent  Cabosil  H-5 alone. 
g r e a s e  had a penetration of 253 and was stable to hea t ,  degassing to 0 .5  t o r r ,  
and working. 
This 
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A g r e a s e  was  then made (14.8 g) consisting of 95.2370 HCP-2800 oil  
This  grease was too soft t o  run a penetration tes t .  and 4. 7770 Cabosil  H-5. 
Cabosil  €3-5 was added i n  increments  t o  obtain the following results:  
5. 747'0 Cabosil  H-5 335 penetration 
6. 3270 Cabosil  H-5 318 penetration 
6.847'0 Cabosil  H-5 280 penetration 
A vacuum was  palled o n  t he  6.84% Cabosil  H-5 g r e a s e  t o  0.5 t o r r  and the  
g r e a s e  then had a penetration of 327. In a couple of days ,  the g r e a s e  had 
degelled to  a liquid. 
To de termine  the  effects of phenyl groups on a g r e a s e  gelled with 
Cabosi l  H-5,  a g r e a s e  was  made using methylphenylsilicone fluid (Dow 
Corning DC510, 50 cs . )  and Cabosil H-5. 
tion of 280 was obtained and the g r e a s e  was s table  to  heating and vacuum. 
At 6.870 Cabosil H-5,  a pene t ra -  
At  this  point, it was decided that the g r e a s e  with the HCP-2800 needed 
a ge l  s t ab i l i ze r ,  Ucon LB-3000. 
1.02% Ucon LB-3000. 
g r e a s e  containing 8.8670 Cabosil H-5,  0.99% Ucon LB-3000 and the  balance 
HCP-2800. This  g r e a s e  had a penetration of 362 after vacuum degassing. 
Th i s  g r e a s e  i s  thermal ly  unstable,  thinning on heating and thickening upon 
cooling. 
This  was added t i l l  the HCP-2800 contained 
Then increments  of Cabosi l  H-5 w e r e  added t o  give a 
T o  a 2 g sample  of the above g r e a s e  was added 3. 71% of Barage l  24,  
a n  organically modified bentonite clay g r e a s e  thickener.  By adding one drop  
of water  and one drop  of methanol with working and later heating and degassing 
t o  0.5 t o r r ,  a g r e a s e  was obtained of approximately 280 penetration ( sample  
too sma l l  t o  t es t ) ,  but t he  grease  is  still thermal ly  unstable. 
T o  the remaining g rease  without Barage l  24, Cabosil  H-5 was  added 
i n  increments  t o  obtain a penetration of 280 at 77OF. 
3L-27-2,  has  11.6870 Cabosil  H-5 and 0.947'0 Ucon LB-300, with the balance 
HCP-2800. 
noticeably with tempera ture .  
syr inges  marked  3L-27-2. 
Pr oj ec t  Manager  . 
The f inal  product ,  
It is s t i l l  not a very s table  ge l ,  i n  that  penetration changes 
The f inal  g r e a s e  was f i l t e red  into t h r e e  ml. 
Two of these syr inges  have been forwarded to  the 
It appea r s  that inorganic thickeners  l ike Cabosil  o r  Bentonite c lays  do 
Addition of synergis t ic  agents not f o r m  stable  ge l  s t ruc tures  with HCP-2800. 
can not remedy th i s  phenomenon. 
is inherent i n  the nonpolymeric na ture  of the thioether fluid. 
T h e  mos t  likely cause of low ge l  s tabi l i ty  
Since t h e  experimental  grease does not have sufficient t h e r m a l  
s tab i l i ty ,  the above data se rves  only as a guide f o r  future  work. 
likely f i l l e r  candidate f o r  investigation should b e  copper phtalocyanine. 
The  next 
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5. CONCLUSIONS 
A two year  synthesis and evaluation study was te rmina ted  by the 
synthesis  of an  outstanding radiation res i s tan t  lubricant  candidate which i s  
ex t r eme ly  promis ing  with respect  to a wide tempera ture  range,  good lubricity,  
oxidation res i s tance ,  low vapor p re s su re  and excellent additive acceptance. 
This  fluid, designated as HCP- 2800, which i s  1,  5- bis [3- (phenylthio) 
phenyl]- 1 ,  1 ,  3, 3, 5, 5-hexamethyltrisiloxane displays the following physical 
p r ope r t i e s : 
Pour  point - -53'F 
Viscosity,  kinematic 
- 45OF - 22,740 cs.  
- 35'F - 8, 226 cs. 
599 cs. 
1 O O O F  - 20.49 cs. 
4. 99  cs.  2 1 O ° F  - 
1. 6 cs. 
- O°F 
- 
- 400°F (extrapolated)  - 
Vapor p r e s s u r e  
- 1 x 10- t o r r  
350°F - 1 x 10-3 t o r r  
1 O O O F  6 
T h e r m a l  and Oxidation 
Stability - to 500°F 
Bulk moduli  ( i so thermal  
s ecan t )  
- 250,000 psi .  
350°F - 132, 000 psi. 
1 O O ° F  
Surface tension a t  75'F - 3 5  dynes / cm 
L F W -  1 lubricant  ra t ings - 2 (OS- 124 = l b )  
200 g r a m s  of the lubricant have been forward to the P ro jec t  
Manager  for fur ther  evaluation. 
Most of the physical propert ies  a s  well a s  lubrici ty  of the H C P  fluids 
have been de termined  by specially designed t e s t  methods that enabled the 
evaluation of micro-quant i t ies  of lubricants.  These  new, repeatable  methods 
co r re l a t e  well with established test p rocedures  and successful ly  bridge the 
gap between the capabili t ies of the r e s e a r c h  chemist  and the requirements  of 
the evaluating technologist. 
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APPENDIX I. 
This  appendix cons is t s  of i n f r a red  and nuclear  magnetic resonance 
s p e c t r a  presented  in F i g u r e s  1-1 through 1-7. 
9 5  
F i g u r e  1-1. I. R .  Spec t ra  of OS-124 (a) Non-I r rad ia ted ,  (b)  I r r a d i a t e d  
In A i r  and ( c )  I r r a d i a t e d  In Vacuum, Obtained Between Salt C r y s t a l s  
96  
F i g u r e  1-2. 
R . F .  Field = 0. 10 mG; Sweep Time = 500 Sec. ; Sweep 
IR and NMR Spectra  of Non-I r rad ia ted  HCP-1500  
Batch No .  1. IR Between Salt C r y s t a l s .  NMR P a r a m e t e r s :  
Width = 500 Hz;  Spec t rum Amplitude = 25 
97 
F i g u r e  1-3. IR and NMR Spect ra  of HCP- 1500,  Batch NO. 1, 
I r radiated i n  A i r .  IR Between Salt C r y s t a l s .  NMR 
P a r a m e t e r s :  R . F .  F i e l d  = 0. 1 0  m G ;  Sweep 
Tit-ne = 500 Sec. ; Sweep Width = 500 Hz; 
Spec t rum Amplitude = 2 0  
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F i g u r e  1-4. IR and NMR Spectra  of HCP-1500 Batch No. 1 ,  
I r r ad ia t ed  in Vacuum. IR Between Sal t  C r y s t a l s ;  
NMR P a r a m e t e r s :  R . F .  F i e l d  = 0. 10 mG; 
500 Hz; Spectrum Amplitude = 20 
Sweep Time = 500 S e c .  ; Sweep Width = 
99 
F i g u r e  1-5. 
R. F. Field = 0. 10 mG; Sweep T i m e  = 500 Sec. ; Sweep 
IR and NMR Spectra of Non-I r rad ia ted  HCP-1500 
Batch No. 2. IR Between Sal t  C r y s t a l s .  NMR Parameters :  
Width = 500 Hz;  Spec t rum Amplitude = 12. 5 
100 
I . . .  1 _ . . . I _ . . _ , _ _ _ . I . .  . # . . . . I  . . .  I . . .  I . .  I . . - . I . . . . I . . . . I . . . . I . . . . I  . . .  , . . . . I . . .  
1.0 7.0 6.0 S.0 -MI61 4.0 1.0 2.0 1.0 
F i g u r e  1-6. IR and NMR Spectra of Atmospher ic  I r rad ia ted  HCP-1500 ,  
Batch No.  2 ,  I r rad ia ted  in Air .  IR Between Salt Crys t a l s .  NMR 
P a r a m e t e r s :  R. F. Fie ld  = 0. 10 mG; Sweep T i m e  = 500 Sec. ; 
Sweep Width = 500 Hz; Spec t rum Amplitude = 2 0  
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. .  . . I .  
i r -  1 ' - 
. . . . . . . 
F i g u r e  1-7. IR and NMR Spect ra  of HCP-1500,  Batch No. 2 ,  I r rad ia ted  
in Vacuum, IR Between Salt Crys t a l s .  N M R  P a r a m e t e r s :  R.  F. 
F ie ld  = 0.10 mG;  Sweep T i m e  = 500 Sec. ; Sweep Width = 500 
Hz;  Spec t rum Amplitude = 20 
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F i g u r e  1-8. IR and NMR Spectra  of Non-I r rad ia ted  H C P -  1800, 
Batch No. 3 .  IR Between Salt Crys t a l s .  NMR P a r a m e t e r s :  
Width = 500 Hz; Spectrum Amplitude = 10 
R.  F. F i e l d  = 0.02 m G ;  Sweep T i m e  = 250 Sec. ; Sweep 
1 0 3  
F i g u r e  1-9. IR and NMR Spec t r a  of HCP-1800,  Batch No.  3 ,  I r r ad ia t ed  
i n  Vacuum. IR Between Salt  C r y s t a l s .  NMR P a r a m e t e r s :  R. F. 
F i e l d  = 0. 10 mG; Sweep T i m e  = 500 Sec. ; Sweep W i d t h  = 5 0 0  
Hz;  Spec t rum Amplitude = 10 
104 
. 
F i g u r e  I- 10. IR and NMR Spect ra  of Non- I r r ad ia t ed  H C P -  1800,  
Batch No .  6. IR Between Salt C r y s t a l s .  NMR P a r a m e t e r s :  
R .  F. F ie ld  = 0. 1 0  n i G ;  Sweep T i m e  = 250 S e c .  ; Sweep 
Width = 5 0 0  Hz; Spec t rum Amplitude = 5 
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F i g u r e  1-11. IR and NMR Spect ra  of Vacuum I r r ad ia t ed  HCP-1800,  
Batch No.  6 ,  I r r ad ia t ed  in Vacuum. IR Between Salt C r y s t a l s .  
N M R  P a r a m e t e r s :  R . F .  F ie ld  = 0. 10 mG; Sweep T i m e  
= 500 Sec. ; Sweep Width = 500 Hz; Spec t rum 
Amplitude = 6. 3 
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. 
F i g u r e  1-12. IR and NMR Spectra  of Non-I r rad ia ted  H C P - 1 9 0 0 ,  
Batch N o .  1. LR Between Sal t  Crys t a l s .  NMR Parameters :  
R. F. F i e l d  = 0 .06  mG; Sweep T ime  = 250 Sec. ; Sweep 
Width = 500 Hz; Spectrutn Atnplitude = 16 
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F i g u r e  1-13. IR and NMR Spec t r a  of H C P -  1900 ,  Batch No .  1, I r r a d i a t e d  
i n  Vacuum. IR Between Salt C r y s t a l s .  NMR P a r a m e t e r s :  R. F. 
F ie ld  = 0 . 1 0  mG; Sweep T i m e  = 5 0 0  Sec. ; Sweep Width = 50 Hz; 
Spec t rum Amplitude = 12. 5 
c 
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8.0 7.0 6.0 5.0 UMldi 4.0 3.0 2.0 1.0 0 
F i g u r e  I- 14. IR and NMR Spectra  of Non-I r rad ia ted  HCP-2800,  
Batch No. 1.  IR Between Salt C r y s t a l s .  NMR P a r a m e t e r s :  
R .  F. F i e l d  = 0. 10 mG;  Sweep T i m e  = 250 Sec. ; Sweep 
Width = 500 Hz; Spectrum Amplitude = 8. 0 
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8.0 7 0  6.0 1.0 UM(61 4.0 1.0 2.0 1 .o 
F i g u r e  1-15. IR and NMR Spect ra  of HCP-2800,  Batch No. 1 ,  
I r rad ia ted  in Vacuum. IR Between Sal t  C r y s t a l s .  N M R  
= 500 Sec.  ; Sweep Width = 500 Hz; Spec t rum 
Amplitude = 10 
P a r a m e t e r s :  R.  F. F i e l d  = 0 , l O  mG; Sweep T i m e  
a 
1 1 0  
F i g u r e  I- 16. IR and NMR Spectra  of Non-I r rad ia ted  HCP-2800  F ina l  
Blend. IR Between Salt Crys ta l s .  NMR P a r a m e t e r s :  R.  F. 
F ie ld  = 0. 10 m G ;  Sweep T ime  = 500 Sec.  ; Sweep 
Width = 500 Hz;  Spectrum Amplitude = 32 
1 1 1  
F i g u r e  1-17. IR and NMR Spec t r a  of HCP-2800 F i n a l  Blend ,  I r r ad ia t ed  
i n  Vacuum. IR Between Salt  C r y s t a l s .  NMR P a r a m e t e r s :  R.  F. 
F ie ld  = 0. 10 mG;  Sweep T i m e  = 500 Sec.  ; Sweep Width 
= 500 Hz; Spec t rum Amplitude = 16 
1 1 2  
APPENDIX I1 
HUGHES SYNTHESIZED LUBRICANTS 
. 
Table 11- 1. Tetramethyldisiloxanes and hexamethyltrisi loxane, 
disubstituted 
Genera l  S t ruc tures :  
CH 3 I CH3 I 
and R1 Si - O-Si- I I R1- 
disiloxane, 
H C P  Number 
1500 
1600 
C 1500/ 1600 
1800 
1900 
2800 
General  
Structure 
A 
A 
A 
A 
A 
B 
CH3 I CH3 I CH3 I 
R 1  R - Si -0- Si - 0- Si- I I I 
CH3 CH3 CH3 
tr is i loxane,  B 
R1 
o--e 
3 - phenoxyphenyl 
c 1  Jy-0 / 
3- (4- ch1orophenoxy)phenyl 
O-§-II, 0 0 
3- (pheny1thio)phenyl 
c 1  B - S - I C ,  / / 
3- (4- chloropheny1thio)phenyl 
3- (phenylthio )phenyl 
1)Mixed. Some molecules  a r e  HCP-1500, s o m e  HCP- 1600, others  a r e  a 
combination; proportions depend on mole ra t ios  of s ta r t ing  ma te r i a l s .  
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Table 11- 2. Disiloxanylphenyl e ther  and the homolog polymer 
H C P  
Number 
4270 
4270P 
Chemical Name 
Bis[4- (3-phenyl - 
1 ,  1 ,  3, 3- te t ra-  
m e  thyldi s il oxan yl ) 
phenyl] ether 
Poly Coxy(dimethy1- 
sily1ene)- 1,4-phenyl- 
eneoxy- lt4-pheny1ene 
(dime thyls ilylene )]  
Genera l  S t ruc ture  
i CH3 1 CH3 I 
CH3 CH3 2 
[.i-si -0-Si  I -R 2 0 
t- 
R 1  
0 
ihenyl 
R 2  
1 ,4-  
?henylene 
.I 
114 
APPENDIX I11 
. 
NEW MICRO-SAMPLE POUR POINT TESTING PROCEDURE 
1. P r e p a r e  two 12 x 75-mm t e s t  tubes by detergent and chromic  
acid cleaning, followed by drying in an oven. Scratch boundary 
m a r k s  on the outside of the tubes with a diamond m a r k e r  a s  
shown in the following sketch: 
W U N D A R V Y A R U  ' 
i 
Rub sc ra t ch  m a r k s  with a pencil t ip to increase  the i r  visibility. 
2. P lace  -0. 15 g of t e s t  fluid ( -3  t o  5 drops f r o m  a 22-gauge 
hypodermic needle)  in  the middle of the space  bounded by the 
m a r k s  1 c m  a p a r t  (see above ske tch) ,  while the tube is in the 
horizontal  position. 
amount beyond the boundary l ines .  
D o  not pe rmi t  spreading of the total  
NOTE: 
the s ide of the tube on a s l ab  of d r y  ice. 
increased  fluid surface tension with decreas ing  t empera tu re  i s  
utilized to achieve this control. 
it back on the d r y  ice pe rmi t s  the opera tor  to spread  the total  
t e s t  drop to the exact boundaries. 
amounts of fluids of different densi t ies  and sur face  tension tnay 
requi re  the pre-determinat ion of the pendent drop weight obtained 
f r o m  a 22-gauge hypodermic needle. 
Spreading may be effectively controlled by cooling 
The  phenomenon of 
Lifting the tube off and placing 
Deposition of equivalent 
3 .  F r e e z e  the bounded tes t  drop to the side of the tightly stoppered 
tube with d r y  ice  o r  liquid nitrogen. 
4. Rapidly fasten two such charged,  s toppered tubes to a low- 
tempera ture  thermometer ,  using a rubber  band in such a 
manner  that the thermometer  bulb i s  in the immediate  
vicinity of the two frozen t e s t  drops.  
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5. Immediately i m m e r s e  the the rmomete r  - tube a s sembly  in 
a ver t ical  position into a dry- ice/acetone bath cooled 10 - 
30°F below the expected melting point. 
rubber s toppers  below the bath fluid surface.  
4 and 5 the t e s t  drop m u s t  r ema in  frozen to the s ide of the 
tube. If any visible drop  movement does occur during the 
t ransfer ,  d i scard  the sample  and p repa re  a f r e sh  one. 
Allow bath to w a r m  up by thermal  conductance f rom the 
surroundings. 
a 600-ml charge in an 800-ml capacity t ransparent  Dewar 
flask. 
Do not i m m e r s e  
During s teps  
6. 
To achieve a uniform warming r a t e ,  utilize 
, 
7. Record the t empera tu re  when the average distance t raveled 
by the drop fronts equals 0. 5 cm (e.  g . ,  one front  just  beyond 
the 0. 5 cm m a r k ,  the other drop front j u s t  approaching i ts  
own 0. 5 cm boundary mark ) .  
a s  the pour point of the fluid. 
This  t e m p e r a t u r e  is repor ted  
L 
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APPENDIX IV 
VAPOR PRESSURE 
SPECIMEN PREPARATION AND ASSEMBLY 
1. 
2. 
3. 
4. 
5. 
6. 
The sample  cup, the baffle plate and the spr ing-damper  
foil-extender rod assembly  a r e  thoroughly r insed  with appro- 
pr ia te  solvents,  then dr ied  with a gentle s t r e a m  of d ry ,  f i l tered 
a i r .  
b a r r i e r  compound. 
i s  then t r ans fe r r ed  to the cup. 
The cup and the extender rod a r e  coated with the fluid 
Approximate,ly 0. 5 g of the t e s t  substance 
The cup is placed in a flat-bottomed glass vacuum chamber 
equipped with a two-way valve. 
room t e m p e r a t u r e  and expected to be a liquid during the 
evaporation r a t e  measu remen t s ,  the product is melted by 
careful heating of the chamber  walls. 
The p r e s s u r e  i s  then slowly reduced to 1 x 10 
any a i r  and moisture  contained in the liquid. 
i s  r e s to red  to a tmospheric  by admitting pure ,  d r y  hel ium into 
the chamber .  
prevent  any further bubbling of the oil on evacuation. Helium 
apparently does not bubble out of fluids under  reduced p r e s s u r e .  
If the compound i s  a solid a t  
- 2  
The p r e s s u r e  
t o r r  to remove  
Repeated pump-down and he l ium saturat ion cycles 
If the  cup containing the degassed  and hel ium-saturated tes t  
substance i s  immediately a s sembled  into the balance and rough- 
pumping is s t a r t ed  within a reasonably sho r t  per iod of t ime 
(1 /2  hour ) ,  no frothing o r  bubbling occurs  during the balance 
evacuation sequence. 
The permanent ly  sealed spring-foil-extender rod a s sembly  i s  
suspended on a specially p r e p a r e d  stand. 
g lass  baffle plate  is sleeved onto the extender rod, the cup 
suspended f rom the rod hook, and the baffle plate is lowered 
onto the cup, j u s t  like a movable cap. 
lowers  the en t i re  assembly into the balance body. 
a s sembly  is lowered, the baffle p l a t e i s  caught on the three  inden- 
tations of the inside balance wall (120 
suspended on the extender rod ,  continues i ts  downward t r ave l  to 
the middle of the furnace zone. 
The  per fora ted  watch- 
The  operator  l i f ts ,  then 
As the 
apa r t ) ,  while the cup, 
After the spr ing hook i s  properly positioned on the top vacuum 
flange r i m ,  the viewing port  is attached and sea led ,  the cooling 
water  tubes are  connected, the water flow i s  s t a r t ed  and the 
evacuation sequence is initiated. 
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APPENDIX V 
LOW-VOLUME WEAR TEST PROCEDURE 
TYPE I - 0. K.  LOAD 
1. Clean ring and high p r e s s u r e  block by rubbing with a clean, 
acetone- sa tura ted  t i s sue ,  followed by thorough r insing with 
acetone and laboratory- grade trichlorotrifluoroethane in 
that  o r d e r .  Apply fluorochemical o i l - b a r r i e r  coating to  
the face and the back of the t e s t  r ing and to the r ing r e t a i n e r /  
washer  surfaces .  :$ 
CAUTION: Do not apply b a r r i e r  coating to any portion of the 
r ing wear  path. 
2. Instal l  specimens in  the friction assembly.  P re lub r i ca t e  the 
ring before installation by applying a thin film of the t e s t  
lubricant with a degreased Q-tip. 
3 .  Inse r t  a clean::::::, d r y  felt lubricant  t ransfer  t ip  (0. 25 inch dia. , 
0. 5 inch long) into the min i - r e se rvo i r  with about two-thirds  of 
its length protruding from the r e s e r v o i r  tube. 
r e s e r v o i r  on i t s  support stand, making s u r e  that the felt  does 
not touch the t e s t  ring. T r a n s f e r  0. 3 ml of the t e s t  lubricant  
into the r e s e r v o i r  cavity with a syringe. Allow the lubricant  
to  pe rmea te  the felt tip completely,  then replenish the lubricant  
by t ransfer r ing  an additional 0. 2 ml of the lubricant into the 
cavity. 
tightening the s c r e w  cap over. 
Tighten 
Instal l  the loading spr ing ,  and close the r e se rvo i r  by 
4. Loosen, then retighten the r e s e r v o i r  on i ts  stand in such a 
manner  that the felt tip is p r e s s e d  against  the r ing by a light, 
constant load. The constant magnitude of the load is determined 
by (a)  a s tandard felt tip length, (b )  the s tandard loading spr ing 
s i z e  and ( c )  positioning of the r e se rvo i r  by means  of a re ference  
mark .  
5. Rotate t e s t  r ing slowly (3-5 r p m )  for ten cycles without load to 
fur ther  redis t r ibute  the lubricant.  Apply one pound on the bale 
rod,  and s t a r t  t es t  by rotating the r ing at 40 rpm.  Monitor the 
friction throughout the test. 
:: This  application enhances retention of the wicked-out lubricant  on the 
::::::Ul t r a s oni c a l ly  c l  e an  th e f e It us ing f i r s t a c e t o ne,  then t r i chl o r o t r if l u r  o e than e. 
wea r  t rack.  
6. Apply an additional pound on the bale rod af ter  40 cycles 
(1 minute ). Continue application of additional one-pound 
weights a t  40 cycle (1  minute)  in te rva ls ,  until a t  a given 
load, a continuous, high-pitched s c r e a m  indicates breakdown 
in lubrication. At this load te rmina te  the test .  
NOTE: A light- to -modera te  rhythmic high-pitched noise is 
acceptable, a s  long a s  the noise diminishes to a light scraping 
sound before the application of the next additional one-pound 
bale rod load. 
7. Note and r eco rd  the failure load. The  O.K.  Load i s  defined a s  
The maximum O . K .  Load one pound l e s s  than the fai lure  load. 
is 21 pounds, a s  this is the l imit  of the t e s t  machine.  
TYPE II--5000-CYCLE WEAR TEST 
1. 
2. 
3. 
4. 
5. 
If the lubricant supported 8 pounds o r  m o r e  in the Type I 
(0. K. Load)  Tes t ,  the 5000-cycle Wear T e s t  i s  done a t  8 pounds 
and 40 rpm,  with the en t i re  load applied a t  once (gently) on the 
bale  rod. If the lubricant had an 0. K. Load of 7 pounds o r  l e s s ,  
the load is applied s tep-wise,  as in the O . K .  Load Test .  
a.  If the wear t e s t  a t  8 pounds full load fails  before 5000 cycles 
a r e  completed, the next t r i a l  should be s tep-wise loading to 
a maximum of 8 pounds, continuing to a total of 5000 cycles 
after reaching a load of 8 pounds. 
Pe r fo rm steps 1 through 4 a s  in the Type I Procedure .  
Rotate r ing slowly for ten cycles without load to fur ther  
redis t r ibute  the lubricant. 
a t  40 rpm. 
At the end of the loading sequence, continue the t e s t  a t  40 r p m  
to 5000 cycles ,  o r  to failure. 
friction force of each t e s t  will have to be made  by the opera tor  
who must  keep the automatic cut-off capability of the LFW- 1 
machine in  mind. Automatic cut-off of the t e s t  machine will 
occur at full scale  pen deflection of the r eco rde r  under any 
given attenuation. 
S ta r t  t e s t  by rotating the r ing 
The selection of the fai lure  
The operator must ,  therefore ,  observe the s teady-state  friction 
of each tes t  and se lec t  a convenient pen deflection a t  an optimum 
attenuation, where (a)  the fr ic t ion readout is accomplished with 
maximum sensit ivity,  and (b)  the fr ic t ion force increase  on 
incipient fa i lure  will allow some  pen t rave l  to a ful l -scale  
deflection a t  that attenuation. 
of course,  activate the cut-off mechan i sm and will automatically 
Such full- s ca l e  deflection will,  . 
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t e rmina te  the test. 
5000 cycles ,  o r  the development of a high-pitched, continuous 
s c r e a m  af te r  the steady- s ta te  will constitute failure. 
Automatic termination before completion of 
6. After 5000 cycles,  disassemble the tes t  spec imens  and photo- 
micrographical ly  examine the wea r  s c a r  on the clock, and the 
appearance  of the felt tip. 
7. If fa i lure  occurs  in less  than 5000 cycles ,  there  a r e  two options: 
e i ther  (a)  there  is enough experimental  fluid available for fur ther  
tes t ing ,  in ,which case  the ful l -scale  r u n  must  be repeated a t  a 
l ighter load (1 lb reduction); if  that  i s  successful ,  repeat  that 
again to provide two, valid, ful l -scale  rating runs,  o r  (b)  pe r fo rm 
only one additional ful l -scale  run  a t  a load reduced by 1 lb ,  and 
r a t e  the lubricant based solely on this single successful  test .  
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APPENDIX VI 
PREPARATION OF FLUIDS FOR IRRADIATION 
1. The sample  is  introduced into the bulb of the vacuum container 
through the constriction, without wetting the wal ls ,  by using a 
syr inge  with a long hypodermic needle. 
2. The filled vacuum vial, connected to a chamber  for vacuum 
degassing and helium gas sa tura t ion  (kept ver t ical  a t  a l l  t i ines) ,  
i s  placed into a 200°F water  bath in a 15 kc  u l t rasonic  c leaner  
and a vacuum of - lo2  t o r r  is pulled on the vial. 
and helium gas saturation a r e  continued until no fur ther  bubbling 
i s  observed. Excessive wetting of the bulb wall  above the liquid 
i s  prevented by occasional venting with the He gas.  
De-gassing 
3 .  The vial containing the de -gassed  and he l ium-sa tura ted  product 
is placed on a vacuum t r a i n ,  then pumped down to t o r r ,  
using a mechanical  pre-pump and a m e r c u r y  diffusion pump. 
At the requi red  p res su re  the constr ic t ion i s  sea led  off with a 
hydrogen-oxygen torch. Helium sa tura t ion  prevents  foaming 
of the sample  during the repea ted  evacuation p rocess .  
The  pre-weighed "atmospheric"  container (weighing bottle) i s  
filled with the t e s t  fluid, then the vial is re-weighed, 
4. 
5. Before being positioned in the i r rad ia t ion  chamber ,  a l l  p r i m a r y  
fluid conta iners  a r e  placed into secondary  safety containers  
which a r e  s imply l ipless  50-ml g lass  beakers .  
because the shielding effect of g lass  i s  negligible. 
I 'a tmospheric ' '  and the safety containers  a r e  reusable  despi te  
the i r  turning da rk  brown during i r radiat ion.  
This  is permi t ted  
The 
6. The containers  a r e  placed in the i r r ad ia t ion  chamber  and the 
t e s t  begun. 
a. The y-energy is constantly ca l ibra ted  by the use  of the 
decay curve  of the isotope,  and the exposure t i m e  i s  
automatically controlled to an accu racy  of *6 seconds;  
b. the t empera tu re  of the i r r ad ia t ion  chamber  is  controlled 
to l e s s  than 100°F by blowing d r y ,  f i l tered a i r  through the 
chamber  during i r radiat ion.  
by a copper-constantan thermocouple.  
The t empera tu re  is monitored 
7. The i r rad ia ted  samples a r e  removed f rom the chamber .  The 
"vacuum" vial i s  opened by filing a m a r k  close to the tip and 
touching the m a r k  with the white-glowing, mel ted end of a 
g l a s s  rod. 
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The contents of both discolored i r radiat ion containers a r e  
t ransfer red  into clean, pre-weighed glass weighing bottles 
and the weights of the i r rad ia ted  samples  a r e  determined. 
c 
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